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ABSTRACT

An abstract of the dissertation of Jessica Christine Goin for the Doctor of Philosophy
in Environmental Sciences and Resources: Geology presented on July 19, 2007.

Title: Biosedimentology of Thermal Features in the Uzon Caldera, Kamchatka,
Russia: Implications for Biosignature Formation

Modem hot springs serve as a habitat for microorganisms similar in
metabolism, morphology, and cellular structure to the microbes that existed relatively
early in Earth history. To maximize our ability to interpret evidence for these

microorganisms and their communities in the rock record, we need to understand how
their biosignatures form and become preserved.
This biosedimentological study of four thermal features in the Uzon Caldera
(K4 Well, Ochki Pool, Thermophile Spring, and Zavarzin Pool) focused on identifying
how chemical, physical and biological inputs contribute to the characteristics of sinter
biofabrics. The biofabrics of K4 Well outflow channel were studied in depth using a
variety of microscopy techniques and a modeling approach due to excellent
preservation in this deposit.

The laminar sinter facies at K4 Well was used as the basis to develop a model
of
o f seasonal silica deposition. This model supports a previously proposed hypothesis

that such laminae in high-latitude hot spring deposits form as the result of seasonal
effects on cyanobacterial growth rates. The model also indicated that seasonal effects
on silica deposition are key to laminae formation and preservation.
To assess how modem laminated siliceous sinters alter during diagenetic
recrystallization, a geologically recent silica sinter collected from Yellowstone

National Park was compared to the modem sinter that formed in the K4 Well outflow
channel. The laminated character of the older sinter fabric was found to reflect
differences in the porosity of the primary sinter deposit.
The utility of using the fractal dimension and compressibility of a variety of
modem sinters, diagenetically altered sinter, and ancient stromatolites as a basis for
comparison was evaluated, as such tools have recently been applied by others to assess
the biogenicity of ancient stromatolites.
In summary, this study demonstrated that a mineralizing system with
ubiquitous biofilms preserved biofabrics with a clear biogenic contribution; the
seasonal relationship between cyanobacterial growth and silica deposition is key to the
formation of a modem laminar sinter characterized by porous biotic layers and
massive abiotic layers; and abiotic and biotic laminae were preserved as a result of the
primary porosity of the original sinter deposit.
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I. INTRODUCTION
A comprehensive understanding of how traces of modem microbial life
accumulate in modem hot spring sinters will improve the ability to interpret the
remains of fossilized evidence of such life in ancient hydrothermal deposits. The
signatures left behind by microbes and their communities, which are commonly
known as biosignatures, may consist of the cellular remains of organisms, chemical
traces of their metabolism, and structures generated by their activities. Biosignatures
may be grouped into three broad classes: (1) bona fide (carbonaceous) microfossils,
(2) organic and inorganic chemical fossils (e.g., lipid biomarkers and biominerals),
and (3) microbially influenced sedimentary structures such as biogenic stromatolites
(Cady, 2001a). Given that modem hot spring ecosystems serve as analogs for ancient
hydrothermal ecosystems (Walter et al., 1996), the former provide environments
within which the accumulation of biosignatures left by modem microbial communities
can be studied (Cady and Farmer, 1996; Cady et al., 2003; Campbell et al., 2001; Des
Marais, 2001; Farmer and Des Marais, 1999; Jones et al., 2001; Konhauser et al.,
2003; Konhauser et al., 2001; Lalonde et al., 2005; Lowe and Braunstein, 2003;
Rasmussen, 2000; Walter et al., 1996).

Microfossils
Bona fide microfossils, which consist of the carbonaceous remains of microbial
cells, provide the only non-equivocal evidence for early life on Earth (Cady, 2001b)
1

As discussed by Cady (2001b), the biological origin of bom fide microfossils can be
recognized on the basis of chemical and morphological characteristics. Whether bom
fide microbial remains retain any diagnostic characteristics within the rocks in which
they were preserved depends upon a wide range of post-depositional processes that
can ultimately mask their biogenic origin.
Five criteria established by Schopf and Walter (1983) to evaluate the
authenticity of an ancient microfossil-like object include: (1) the object having been
retained in a rock type known to preserve biological information, (2) the age of the
rock within which the objective is found must be known, and (3) die fossil object must
be indigenous to the rock, (4) syngenetic with the rock, and (5) of biogenic origin. A
more rigorous set of criteria for evaluating the authenticity of a microfossil-like object,
which was proposed by Buick (1990), includes demonstrating that it (1) can be
identified in thin section, (2) occurs in sedimentary to low-grade metasedimentary
rocks, (3) is of a size consistent with modem organisms (at least 0.01 pm3), (4) is
composed of kerogen, (5) occurs with other objects of similar morphology, (6) is
hollow, and (7) shows cellular structures. The ability to identify fossilized organisms
preserved in the rock record by morphological comparison to modem taxa is
complicated, in general, by the various taphonomic changes that may occur during
fossilization and diagenesis. For example, the diameter of silicified microorganisms is
often estimated to be larger than that of its living counterpart and the unique surface
characteristics attributed to some microbes are often removed due to fossilization
(Jones et al., 2001).
2

Chemical Biosignatures
A variety of chemical biosignatures, alternatively referred to as chemofossils,
can be preserved in organic compounds and inorganic phases. Such chemofossils
include isotopic signatures that result from metabolic fractionation of stable isotopes
(e.g., C, S, Fe), minerals whose formation is microbially induced, and biomolecule
remnants (e.g., lipids and racemic mixtures of amino acids). Isotopic fractionation of
carbon in 3.8 billion year old rocks from the Isua Formation in Greenland provides
some of the oldest evidence for metabolic activity in the rock record (Schidlowski et
al., 1979). Microbially controlled deposition of minerals can provide direct evidence
o f life provided that there are no abiotic processes that will produce minerals with
identical chemical and microstructural characteristics (Sukumaran, 2005). Though
magnetosomes are the most well-known and uncontrovertible example of a
biomineral, other biominerals include the aragonite that occurs in shells, micritic
dolomite, and the iron sulfide mackinawite (Banfield et al., 2001). The organic
compounds left behind by microbial decay can reveal biological activity as well as the
types of organisms that were present in the rock at the time when the microbial
remains were encapsulated within it. Different groups of organisms have distinctive
suites of lipid biosignatures. The microbial communities of extant communities have
been used to determine the signature lipids diagnostic of evolutionarily important
groups of organisms (Jahnke et al., 2001).

Microbially Influenced Sedimentary Structures
Biogenic stromatolites that formed in the presence of microbial mats and
biofilms can be generated by the trapping and binding activity of microbial
communities as well as the accumulation of precipitates onto them. Though ancient
stromatolites were given Linnean names that corresponded to the cyanobacterial
species thought to be responsible for their morphology (summarized in Hofmann,
1969), recent studies have questioned the biogenicity of many ancient stromatolites
(Grotzinger and Rothman, 1996). The absence of microfossils and presence of
distinctive characteristics such as very smooth laminae over curvatures (e.g., as
observed in the Barberton Formation in South Africa), post-depositional deformation
of laminae (e.g., as found in the North Pole deposits in Western Australia), and the
appearance of stromatolitic features only in evaporite layers (e.g., the Strelley Pool
Chert in Western Australia), have been interpreted as evidence that several ancient
“stromatolites” are abiogenic in origin (Lowe, 1994). The hypothesis that all
stromatolites are biogenic was challenged most effectively in a study of a 1.9 Ga
“peak-shaped” (presumably coniform) stromatolite from the Cowles Lake area in
Maine (Grotzinger and Rothman, 1996). Fractal dimension analysis was used by
Grotzinger and Rothman (1996) to compare the laminated character of the Cowles
Lake stromatolite to an abiogenically modeled stromatolite. A growth model of the
abiogenic stromatolite was developed using the Kardar-Parisi-Zhang (KPZ) equation,
where each factor in the equation represented an abiotic factor in stromatolite
development. The power series method was used to determine a fractal dimension for
4

the real and the modeled stromatolites, and the similarity in fractal dimension was
cited as evidence that stromatolites may form abiogenically (Grotzinger and Rothman,
1996). It is worth noting that the KPZ equation used to model the abiogenic
stromatolite in the Grotzinger and Rothman study only represents the growth profile of
a few types of stromatolites (Batchelor et al., 2003).
Buick et al. (1981) proposed a number of criteria for demonstrating the
biogenicity of a stromatolite, which include: (1) the stromatolite being located within
sedimentary or metasedimentary rocks, (2) syndepositional formation of the
stromatolite structure and surrounding rock, (3) a preponderance of convex upward
structures, (4) the appearance of laminations that thicken over the crest of curvatures,
(5) laminations that display higher order structure - wavy, wrinkled, or higher order
curvature, (6) the presence of microfossils or trace fossils within the structure, (7)
structural components that link different morphotypes of microfossils with different
stromatolite morphologies, and (8) the presence of fossils or trace fossils that provide
evidence that, when living, the organisms were involved in binding and trapping
sediment or precipitating the minerals that comprise the stromatolites. Though the
latter three criteria would exclude the designation of many Proterozoic stromatolites
with complex branching morphology as biogenic, such criteria would distinguish the
biogenicity of more ancient stromatolites with simpler morphologies.
Once the biogenicity of a stromatolite can be recognized, the structure can be
used to reveal additional information beyond demonstrating that life occurred at a
specific time and place. A major factor that complicates the debate with regard to the
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biogenicity of stromatolites is the strong control that environment plays in the
development of morphology. If a stromatolites’ biogenicity can be demonstrated, it
should be possible to determine information about the depositional environment (e.g.,
Buick, 1992).
Sinter Stromatolites
The precipitation and sedimentation of minerals in hot spring outflow channels
onto microbial mats generates a variety of stromatolites (Walter, 1976; Walter et al.,
1972). Hot springs provide an important natural laboratory for studying stromatolite
formation as grazing activity by higher order taxa at ambient temperature limits the
distribution of mats and biofilms in most modem environments (Awramik, 1971). Hot
springs are well suited for the study of stromatolite formation due to the rapid changes
in temperature and pressure that occur as thermal fluids reach the surface, which often
generates mineralizing environments within and alongside of hot spring pools and
outflow channels.
Silica-depositing hot springs are interesting for a number of reasons. Silica is
the most common hot spring precipitate (others include carbonates, iron oxides, and
clay minerals), silica can preserve fine morphological detail during fossilization, and
silicified deposits tend to have a long residence time in crustal environments. The rate
of silicification, as well as the way in which microfossils form, are related to the silica
concentration (McKenzie et al., 2001). Despite the low solubility of quartz, the
kinetics of quartz nucleation prevents deposition of crystalline silica phases as quartz
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and cristobalite. Silica is deposited in hot springs as amorphous, hydrated silica (opalA) (Langmuir, 1997).
As shown in Figure 1, the fundamental processes that lead to the net growth of
stromatolites include: (1) chemical deposition of authigenic mineral precipitates onto
the surface, (2) biological input through the growth and preservation of the mat or
biofilms on the accretionary surface, and (3) mechanical clastic deposition of detrital
mineral grains that become trapped in the microbial mat on the accretionary surface
(Hofmann, 1973). Biological skeletal inputs are not expected to have played a role in
the formation of ancient stromatolites or in modem sinter-depositing ecosystems.
Therefore, ancient stromatolites and modem sinter stromatolites must fall into a field
defined by the contributions of chemical, microbial, and detrital inputs (Figure 1).

Chemical

Stromatolites
and
Sinter Fabrics

Biological

Detrital

Figure 1: The formation o f sinter fabric and stromatolites occurs within the field determined by pure
chemical precipitation, pure clastic deposition, and pure biological input (after Hofmann, 1973).

Walter (1976) was the first to propose a genetic relationship between
microbial communities (whose dominant population could be predicted as a function
of the fluid temperature in silica-depositing hot springs) and the distinctive sinter
morphologies associated with them. However, the ways in which biological, physical,
and chemical factors contribute to sinter biofabrics remains open to interpretation.
Laminated sinter fabrics that form at moderate temperatures in Icelandic hot springs
have been proposed as the result of seasonal growth cycles of cyanobacteria
(Konhauser et al., 2001; Rasmussen, 2000). A study of sinter fabric formation in
fluids with a range of temperatures in New Zealand hot springs led Mountain and
coworkers (2003) to propose that while the organisms do not cause silica deposition,
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the texture of the sinter depends on their presence. The ubiquitous presence of
morphological microfossils in siliceous sinters that display shrub fabrics in hot springs
in Yellowstone National Park led Guidry and Chafetz (2003) to conclude that they
were biogenic structures.
In general, the development of a biogenic stromatolite is dependent upon the
interplay of several factors: (1) a substratum, (2) water, (3) nutrients to support
microbial metabolism, (4) an energy source for microorganisms, (5) the presence of
microorganisms that colonize the substratum (and form a mat or biofilm), (6) the
deposition of fine detrital mineral grains or the precipitation of minerals, (7) periodic
changes in sedimentation or biological growth to generate layering and, (8)
preservation of the structures (Hofmann, 1973).

Hot Spring Microbiology
Terrestrial hot springs provide a high energy environment that is richly
populated by hyperthermophiles, with optimal growth temperatures >80 °C, and
thermophiles, with optimal growth temperatures below 80 °C. Thermal waters not
only support the growth of prokaryotic organisms, but at temperatures above 60 °C
they exclude eukaryotic organisms (Tansey and Brock, 1972). Eukaryotic organisms
include unicellular and multicellular organisms that have cells containing a nucleus; a
separate membrane bound organelle that contains DNA. Prokaryotic organisms, such
as thermophiles, include representatives from the domains Archaea and Bacteria.
Prokaryotic cells lack a nucleus. The domains Archaea and Bacteria differ in the
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characteristics of the cell membrane molecular biology and their metabolism
(Madigan et al., 2000). A much greater degree of genetic divergence exists between
members of the Archaeal and Bacterial domains than has been found between the
different kingdoms of eukaryotes (The Prokaryotes, 2006) (Figure 2).

ARCHAEA
Euryarchaeota

EUCARYA

Crenarchaeota

BACTERIA

Bacteria<
Archaea
macroscopic
organisms N

Eucarya

C.R. Woese, 1990
N.R. Pace, 1997
protists
Figure 2: Universal tree o f life as originally presented by Carl Woese (Woese et al., 1990) and as
elaborated on by Pace (Pace, 1997) (The Prokaryotes, 2006).

The thermophilic microorganisms that occur in silica depositing hot springs
tend to occur as temperature-dependent communities. At temperatures between ~75
and 85°C, white, pink or black streamer communities are often dominated by
Aquificales, chemolithoautotrophic bacteria (Blank et al., 2002; Jahnke et al., 2001;
Rasmussen, 2000). The microbial mats that occur between ~55 and 75 °C are often
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dominated by a mix of the cyanobacteria Synechococcus and the filamentous
anoxygenic phototroph Chloroflexus (Ward et al„ 1998; Wickstrom and Castenholz,
1985). Below 45°C, the mats are often a mix of many different cyanobacteria such as
Calothrix, Oscillatoria, and Phormidium (Castenholz, 2001; Wickstrom and
Castenholz, 1985). Though the distinctive looking communities for each temperature
range may appear to be dominated by one or two organisms, phylogenetic analysis
indicates that several groups of organisms and genetic diversity exists within each
community (Appendix A).
Biofilms, which consist of a few layers of cells attached to a surface, are
ubiquitous in modem environments (Costerton et al., 1995). Biofilms have internal
structure that consists of regions of dense microbial cells embedded in extracellular
polymeric substances (EPS) surrounded by open pore spaces (Xavier et al., 2005).
Many organisms in hot springs attach to the sinter surfaces as biofilms and mats (the
latter defined here as a thicker stratified accumulation of microbial populations)
through the excretion of EPS (e.g., Bonch-Osmolovskaya et al., 1987; Lynne and
Campbell, 2003; Pierson and Parenteau, 2000; Rasmussen, 2000; Ward et al., 1998).
Ubiquitous biofilms in hot springs alter the character of the accretionary sediment
surface: it is no longer a uniform mineral phase, but some combination of mineral
material, microorganisms, and EPS.
Prokaryotes have dominated the history of life on Earth (e.g., House et al.,
2003; Nealson and Popa, 2005). The prokaryotic organisms (domains Archaea and
Bacteria) have a distinctly different interaction with minerals than the organisms in the
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domain Eucarya. Prokaryotic organisms can generate minerals intra- and extracellularly, and these reactions may be classified and active as passive mineralization
(Ferris et al., 1988; Fortin et al., 1997).

Eukaryotic organisms generate minerals in

biologically controlled reactions templated on proteins to create structures such as
shells, diatom frustules, and bones (Nealson and Popa, 2005). Biologically controlled
mineralization (template minerals on proteins) appears to have limited occurrence
among the prokaryotes. Unlike the eukaryotes, prokaryotic organisms also have
metabolic modes that lead to the dissolution/precipitation of redox sensitive minerals
(Nealson and Popa, 2005). Silica deposition appears to be driven by geochemical
factors, with minimal impact of prokaryotic metabolism on silica solubility (e.g.,
Konhauser et al., 2001; Lowe and Braunstein, 2003; Rasmussen, 2000; Williams et al.,
1985). Though silica deposition in hot springs does not appear to be caused by
prokaryotic organism metabolism and deposition, and there is no evidence that it is
templated on proteins, the deposition of silica onto microbial biofilms generates
recognizable biofabrics (e.g., Cady and Farmer, 1996; Jones and Renaut, 2003;
Mountain et al., 2003).

Hypotheses and Experimental Goals
The goals of this research were to examine the contribution of biology to fabric
development in modem sinter stromatolites and changes that occur in sinter
stromatolite fabric during diagenesis, and to apply this increased understanding of
fabric formation to evaluate the biogenicity of ancient analogs from the rock record.
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Modem sinter biofabric and stromatolite formation in modem hot spring systems was
analyzed in thermal features of the Uzon Caldera, Kamchatka, Russia. The impact of
diagenesis on the fabric of sinter stromatolites was studied in relatively recent (130 to
600 ka) sinter collected near Artist Point in Yellowstone National Park (YNP),
Wyoming, USA. The examination of modem, recent, and ancient stromatolite fabrics
was performed using a statistical comparison of the fractal dimension and
compressibility of stromatolite fabrics from the following locations: (1) Uzon
Caldera, Kamchatka, Russia (Modem), (2) Mickey Hot Springs, OR, USA (Recent),
(3) Lower Geyser Valley, YNP (Recent), (4) Artist Point, YNP (Recent), (5) Bitter
Springs Formation, Australia (Precambrian), and the (6) Gunflint formation, Canada
(Precambrian).

Hypothesis 1; Authigenic mineral precipitation onto microbial biofilms generates a
fabric with a recognizable biogenic contribution.
This hypothesis was tested by analysis of thermal features of the Uzon Caldera
in Kamchatka, Russia. The generation of biofabrics was examined in four thermal
features that display different degrees of contribution of biological, chemical, and
physical processes to sinter fabric development. This biosedimentological study of
modem thermal features illustrated that at K4 Well, extensive biologic (biofilms
ubiquitous on accretionary surfaces) and chemical (authigenic opal-A deposition)
inputs contribute to fabrics that generate sinter with a recognizable biogenicity
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(Chapter 3: Biosedimentological Comparison of Thermal Features in the Uzon
Caldera: Implications for Biofabric Preservation).
The relationship between the biofacies and lithofacies at K4 Well was
examined to elucidate the control that changes in biologic input had on sinter fabric
(Chapter 4: Biofacies and Lithofacies at K4 Well, Uzon Caldera, Kamchatka, Russia).
The relationship between biofilms and silica deposition was further analyzed for the
laminar sinter fabric at K4 Well by modeling the seasonal controls on silica deposition
and making key observations on the relationship between seasonal layering of silica
and the phototrophic biofilm at this facies (Chapter 5: Modeling Seasonal Silica
Deposition in Thermal Features: Implications for the Preservation of Laminar
Biofabrics).

Hypothesis 2: Recognizable aspects o f the biogenic fabric generated in the modern
system at K4 Well will be preserved in spite o f diagenetic alteration.
This hypothesis was tested through examination of sinter lithofacies preserved
in the Artist Point sinter of Yellowstone National Park. This study indicated that the
biogenic contribution to sinter fabric may be preserved during diagenesis. The finding
that the sinter fabric was preserved as a result of differences in the size and
distribution of quartz crystals in different precursor laminae was interpreted as an
indication that porosity in the initial sinter plays a key role in laminae preservation in
sinter stromatolites. Evidence to support this interpretation was found in the modem
laminar sinter fabric at K4 Well, where biogenic layers in the laminar facies have a
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greater porosity than the massive layers deposited during low growth months. The
differences in porosity were correlated with differences in the primary grain size,
which affected the timing of recrystallization and the distribution and size of the
secondary quartz crystals. The differences in the secondary mineral assemblage
characteristics (due to differences in the sedimentological character of the rock and the
primary mineral assemblage characteristics) is predicted to enhance the preservation
of laminated sinters in the rock record (Chapter 6: Facies Description of an Early
Diagenetic Sinter, Artist Point, YNP, USA).

Hypothesis 3: Mathematical analysis o f the spatial distribution o f laminae o f sinter
stromatolites in the rock record should provide a means to compare the biogenic
contribution to sinter laminae.
This hypothesis was tested by statistical analysis of fractal dimension and
compressibility of modem, recent, and ancient stromatolites. The usefulness of these
mathematical analyses was examined by using statistical analysis to determine
patterns in the fractal dimension or compressibility of images. A comparison of
modem and diagenetically altered sinter stromatolites indicated that fractal dimension
is preserved during diagenesis (Chapter 7: Analysis of Sinter and Stromatolite
Fabrics: Compressibility and Fractal Dimension Analysis).
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II. MATERIALS AND METHODS
The goal of this study was to improve our understanding of the processes
involved in sinter fabric formation. Many techniques were used to examine the (1)
microbiology; imaging via an optical light microscope (OLM), scanning electron
microscope (SEM), high resolution SEM (HRSEM), fluorescence microscopy, and
growth of biofilms on deployed slides, (2) geochemistry; Hach kit analysis,
inductively coupled plasma - mass spectrometry (ICP-MS) analysis, mineral
deposition on slides, and modeling, (3) mineralogy; X-ray diffraction (XRD) and
energy dispersive spectroscopy (EDS), and (4) sinter fabric; (SEM and petrographic
thin sections).

Sample Collection
Samples were collected in the field based upon visual assessment of the
biofacies and lithofacies distributed along the temperature gradient of the outflow
channel. Samples for electron and optical microscopy were placed in a 4%
gluteraldehyde solution diluted with filtered (0.25 micrometer) spring water after
sample collection. A portion of each sample was also air dried without fixation at the
time of sampling for use in XRD analysis, “sinter” SEM work, and optical petrology.
At the time of sampling, the temperature and pH of the water immediately above the
sample was measured. The orientation of each sample was also noted and the location
was photographed. Slides were deployed at sites where samples were removed. After
five days in the outflow channel, the slides were fixed in gluteraldehyde vapor.
16

SEM/HRSEM Sample Preparation
Samples were kept in gluteraldehyde at ambient temperatures during the
remainder of the field excursion in Russia and during transport back to the laboratory
in the US, where they were stored at 4°C until further fixation (18 days after
sampling). Secondary fixation with osmium tetroxide was performed to cross-link
membrane lipids. Primary fixation with gluteraldehyde allowed for rapid preservation
of relatively large (millimeter sized) samples, as it penetrates rapidly and also
preserves membrane structures. Secondary fixation with osmium tetroxide is needed
prior to dehydration as gluteraldehyde does not cross-link lipids. Without the
secondary fixation the lipids would wash out during the dehydration sequence
(Glauert, 1975). After secondary fixation, samples were subjected to an ethanol
dehydration series and critical point dried.
Fixation Procedure
Fixation: 4% Gluteraldehyde in spring water, 18 days
Fixation: 1% OsC>4 in 0.1 M Cacodylate Buffer, 60 minutes
Dehydration Series:
50% Ethanol for 15 minutes
75% Ethanol for 15 minutes
95% Ethanol for 15 minutes, twice
100% Ethanol for 15 minutes, twice
Critical Point Drying, Pelco CPD2,15 flushes with liquid CO2
Mounted on SEM stub with carbon paint/tape
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Sputter coated, 200 A Gold-Palladium

SEM Analysis
Scanning electron microscopy provides high magnification imaging of
organism and microfossil surfaces (e.g., Schopf, 1970). The relatively high depth of
field of the scanning electron microscope (SEM) allows for imaging of the
relationship between organisms and minerals and, in some cases, visualization of the
attachment mechanism of organisms. The preparation technique used in this study,
critical point drying, removes the EPS within which the organisms are embedded. A
comparison between critical point drying and the use of hexamethyldisilizane
(HMDS) demonstrated that the critical point drying was desirable in that the removal
of EPS allowed for the observation of organism morphologies. SEM analysis was
performed on a JEOL 35C SEM with energy dispersive X-ray detection capability.
Most analysis was performed with the instrument operating at an accelerating voltage
of 10 kV and a 15 mm working distance. However, elemental analysis required a 25
kV accelerating voltage.

HRSEM Analysis
HRSEM analysis was carried out with a lower accelerating voltage and a
shorter working distance, which provided images with fine detail of the surface texture
of microorganisms and microfossils. HRSEM analysis was performed on an FEI
Sirion HRSEM operating at an accelerating voltage of 5 kV and a 5 mm working
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distance. The HRSEM was also equipped with an Oxford Inca EDS system, which
allowed for surface mapping of specific elements. HRSEM was used in conjunction
with XRD to examine the distribution of iron in one sinter sample.

OLM
The OLM provided an essential counterpoint to SEM analysis for several
reasons. First, while the removal of EPS was found to be essential to analyze
morphologies with SEM, it was difficult to determine how much the mat or biofilm
had been disrupted by EPS removal. A comparison of the SEM and OLM images
showed the degree to which organisms were embedded, and if the original orientation
and distribution was preserved. Second, in some cases a particular morphotype of
organism, for example, rods, may have less connection to the biofilm matrix or
mineral material and could wash out during dehydration or critical point drying. Such
morphotypes, however, would still be visible with OLM. Finally, the dehydration and
critical point drying protocols used to prepare specimens for SEM tended to cause
organisms to shrink. OLM images provided an important control on the measurements
of organism diameters obtained from SEM images. In addition to providing a control
on SEM data, the OLM, with fluorescence filters, provided information on the
distribution of cyanobacteria. Optical microscopy was performed on a Leica DMRX
microscope set up for phase contrast or DIC Nomarski imaging. Chlorophyll-a
autofluorescence was detected using a long pass FITC filter cube with excitation at
475±20 nm and emission at 510-700 nm. Chlorophyll-a autofluoresces when excited
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at 665 or 465 nm, and emits at 673 nm (e.g., Lintilhac and Park, 1966; Sosik et al.,
1989).

XRD Sample Preparation/Analysis
XRD analysis provides information about the sample mineralogy and the
degree of ordering in the mineral phases. Most sinter samples consisted of opal-A,
with minor amounts of clay minerals or iron oxides. XRD powder diffraction was
performed following a protocol developed for opai-A (Herdianita et al., 2000). The
protocol was modified to run to 65° 20 or 80° 20 to include the (060) peak for clay
analysis (Moore and Reynolds, 1989). Air-dried samples were ground gently by hand
for 3-5 minutes in a ceramic mortar and pestle and mounted for random powder XRD
analysis on a Phillips X’Pert™ XRD. Samples were analyzed using a step size of
0.03° 20, and a scanning rate of l°/minute. Samples from the first field season were
scanned from 2-65° 20, while later samples were scanned from 5-80° 20. The change
in the length of the scan was made to adjust for the change from a copper to cobalt Xray target. Copper K a X-rays have a wavelength of 1.5418 A while cobalt K a Xrays have a wavelength of 1.7902 A. The peak position in degrees 20 is predicted by
Bragg’s law, nX = 2dsin0, where n is an integer that represents the order of reflection,
X is the wavelength of the x-ray beam hitting the sample, d is the spacing between
lattice planes in the crystal, and 0 is the angle of incidence between the X-ray beam
and the lattice plane (Moore and Reynolds, 1989). Thus, a shift is expected in degrees
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20 of XRD spectra between 2004 and 2005 samples due to the transition from a
copper to a cobalt target.

Geochemistry
Geochemistry was measured in the field for a select number of elements using
Hach kits (Hach Company) and a Hach spectrophotometer (e.g., Si, Fe, Na, alkalinity).
Though the accuracy of Hach kits is lower than conventional water analysis
techniques (e.g., atomic absorption spectroscopy, ICP-MS), as many other elements
commonly present can interfere with colorimetric analysis, they have the advantages
of being easily transported to the field and can be used relatively easily in remote field
settings such as Kamchatka. Further geochemistry data were generated by
collaborators at SREL and UGA using an ICP-MS, which provided an accurate
measurement for elements even when present in very low concentrations (C.
Romanek, D. Crowe, and P. Schroeder, personal communication).

Sinter Analysis
Air-dried sinter samples were obtained for sinter fabric analysis. The Artist
Point sinter was cut using a rock saw to obtain a fresh sinter face. Air dried samples
from K4 Well were embedded in epoxy resin to enable sectioning of the highly friable
material. Thin sections were prepared by Spectrum Petrographies, Inc. and analyzed
on a Leica DMRX OLM under plane-polarized and cross-polarized light.
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Calothrix/Chloroflexus Controls
Images of cultured Chloroflexus auranticus (provided by Beverly Pierson) and
a culture of Calothrix spp. (provided by Richard Castenholtz) were obtained for
comparison with natural samples. The cells of Chloroflexus, a filamentous
anoxygenic phototroph, are narrow (<lpm), and the boundary between cells, which
are longer than they are wide, is very smooth. Chloroflexus does not exhibit the
chlorophyll-a autofluorescence that characterizes the cyanobacteria. An example of a
critical point dried specimen of the C. auranticus culture is shown in Figure 1. At
400x magnification under the optical microscope, Chloroflexus appears as a hair-like
feature. Optical microscopy analysis indicated that fixation of cultured Chloroflexus
with gluteraldehyde did not change its appearance when viewed by OLM or
fluorescence microscopy.
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Figure 1: Top: HRSEM micrograph o f Chloroflexus culture after gluteraldehyde fixation and critical
point drying (courtesy H. Oakes-Miller). Bottom: Phase contrast optical micrograph o f Chloroflexus
which had been removed from the culture flask and placed on the slide in a drop o f water.

The diameter of the Calothrix spp. studied is 4-5 nm, individual cells are wider
than they are long, and boundaries are distinct between individual cells. The Calothrix
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spp. appeared green when viewed using phase contrast imaging conditions, but it
autofluoresced bright red with the FITC long pass filter cube (Figure 2).

Figure 2: Top: SEM micrograph o f Calothrix after gluteraldehyde fixation and critical point drying.
Bottom: Chlorophyll-a autofluorescence o f Calothrix at 400x after gluteraldehyde fixation, FITC filter
cube. Sample was removed from fixed culture, rinsed, and placed on the slide in a drop o f water.
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Fractal Dimension
Fractal dimension has been used as a basis to distinguish and compare
stromatolites (Grotzinger and Rothman, 1996). Fractal dimension was determined in
this study for higher magnification optical thin section images (taken using 2.5x, lOx
and 20x objective lenses and a lOx ocular lens) and also for thin sections that were
scanned at lx magnification. Fractal dimension was determined using the grid-cell
procedure. Fractal dimension was determined manually and also automatically using
the fractal box count analysis tool in ImageJ®. The grid-cell method of determining
fractal dimension involves covering the image with a series of grids with progressively
smaller grid dimensions and counting the number of grids at each cell size that contain
part of the pattern. The fractal dimension is the slope of the regression line of the
points generated from grid size and grid count (Davis, 2002). Manual fractal
dimension analysis consisted of overlaying the copies of the image with transparent
grids that have boxes o f side length 32,16,8,4, and 2 mm respectively and then
counting the number of grid cells containing the pattern at each size. For each grid
size, the number o f grids that contain the pattern of interest (light and dark laminae)
were counted. The fractal box count tool in ImageJ® uses a very similar technique
that counts boxes with a side length from 2 to 64 pixels.

25

Figure 3: Stromatolite image and binary image generated to determine fractal dimension using the
ImageJ® fractal box count tool. A binary image is necessary for the automatic fractal dimension as
ImageJ® counts the number o f grid cells containing a black/white boundary.

Compressibility
Compressibility, the ratio of a compressed image to the original image size, is
proposed as a method for identifying the biogenicity of stromatolites (Corsetti and
Storrie-Lombardi, 2003). The lossless compression of an image is a measure of the
information needed to recreate the image. Thus, a high ratio between the compressed
image size and the original image size is indicative of a complex pattern. The use of
compressibility as a biogenic indicator is based on the argument that the presence of
life increases the complexity of the system. This hypothesis, however, has not yet been
experimentally supported.
Images from petrographic thin sections taken at higher magnifications (25,
100,200x) were compressed using the zip tool of ImageJ®, which uses a lossless
compression algorithm. The ratio of the compressed image size to the original image
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size was then determined for multiple images of the same sample, and an average
compressibility was determined for each sample.

T-Test
Generating a fractal dimension for a stromatolite allows for statistical
comparison between stromatolite groups. The mean (average) fractal dimension and
standard deviation was determined on replicate images of each sample. The t-test
between two means was used to examine the relationships between fractal dimension
and compressibility, as described in Davis (2002). The t-test between sample means
(X) tests the null hypothesis (Ho) that the means of two populations are equal against
the hypothesis (Hi) that the means are not equal. The level of significance was set at
5% (a = 0.05) and the two tailed t-test was used as the second mean could be smaller
or larger than the first mean. The number of samples (n) was used to determine
degrees of freedom in order to assign a critical t value. The value for t was determined
using the difference between the two sample means divided by the standard error of
the mean (se), which was in turn, calculated from the pooled estimate of the standard
deviation (sp).
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Three assumptions are necessary to use the t-test to compare sample means (1)
the samples should be selected at random, (2) the populations should have a normal
distribution, and (3) the variances of the two populations should be equal (Davis,
2002). The assumption that the samples are selected at random is potentially
problematic when they are selected for a specific characteristic, as was the case for
this study.
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HI. BIOSEDIMENTOLOGICAL COMPARISON OF THERMAL FEATURES
IN THE UZON CALDERA: IMPLICATIONS FOR BIOFABRIC
PRESERVATION
Abstract
Sedimentary structures deposited in the presence o f microbial mats and biofilms, such
as biogenic stromatolites, provide evidence o f life that may be preserved in the rock
record. The current understanding o f how stromatolites and other biofabrics form is
that while organisms play a role in generating preferred growth directions and
laminae, many non-biologic processes may produce similar fabrics. The Uzon
Caldera provides an opportunity to study many thermalfeatures with differing
geochemistry, biology, andflow regimes. Four thermalfeatures, selected to represent
"idealized” systems o f deposition, include: (1) end-member dominated by biological
non-skeletal inputs, (2) end-member dominated by chemical precipitation, (3) mid
point member located between biological non-skeletal and detrital deposition, and (4)
mid-point member located between biological non-skeletal and chemical precipitation.
Comparison o f initialfabric formation in these systems allowed determination o f the
interaction o f detrital, chemical, and biologic inputs in the generation o f biofabrics. A
greater understanding o f the factors involved in biofabric formation should increase
our ability to determine the biogenicity o f stromatolite-like objects in the rock record.
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Introduction
Understanding the early history of life on Earth is important not only to our
basic understanding of how life arose, but also in our quest to determine whether life
may occur on other planetary bodies. The oldest evidence for life is widely accepted
to be isotopic fractionation of graphite preserved in sedimentary rocks in Isua,
Greenland (Schidlowski et al., 1979). Though stromatolites and other microbially
influenced sedimentary structures were long accepted as evidence for early microbial
life (Hofmann, 1969,1973). Recent research has raised concern that many
stromatolite-like objects may form in the absence of organisms (Grotzinger and
Rothman, 1996; Lowe, 1994). Biogenic sedimentary structures are a potentially huge
biosignature repository, and if we can increase our understanding of the influence of
microorganisms during deposition, this will be useful in revealing the biogenicity of
stromatolites.
The relative importance of biotic and abiotic factors in the formation of
stromatolitic features has not been clearly elucidated. Modem sinters show evidence
for microbial involvement in sinter fabric across a broad range of facies (Cady and
Farmer, 1996). Yet arguments have been made for abiotic factors playing a dominant
role in stromatolite formation. For example, a study of high temperature siliceous
sinter at Yellowstone National Park showed that although organisms were present,
they did not control the development of stromatolite-like features in the sinter (Lowe
and Braunstein, 2003). Hence, these structures are considered by Lowe and
Braunstein to be abiotic in origin.
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As noted in chapter 1, Hoffman proposed that the formation of stromatolite
fabrics depends on the input of four factors: (1) the accumulation of skeletal remains
of organisms, for example, corals, (2) the input of clastic material, for example,
varves, (3) chemical precipitation, for example, stalactites, and (4) the input of nonskeletal biological remains, such as algal mats (Hofmann, 1973). An analysis of the
factors that contribute to hot spring sinter fabrics reveals that they fall into a field of
possible inputs defined by the end-member processes that include chemical, microbial,
and detrital inputs (Figure 1).

Chemical

Biological

Detrital

Figure 1: The end-member processes that contribute to stromatolite formation involve various amounts
o f input from chemical, biological and detrital processes (after Hofmann, 1973).

Uzon Caldera
The Kamchatka Peninsula of far eastern Russia is an active volcanic region
characterized by numerous hydrothermal basins, one of which provided the study site
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for this project. The Uzon Caldera, located in the Kronotsky National Biosphere
Reserve, is located approximately 200 km north of Petropavlovsk, the only major city
in Kamchatka (Figure 2).

Russia

Figure 2: The Kamchatka Peninsula o f far eastern Russia (Image Google Earth).

The Uzon Caldera formed during the collapse of Mount Uzon 40,000 years
ago, an age based on carbon-14 dating of the ignimbrites produced during the eruption
(Florenkskii, 1988). The caldera, a 7 by 10 km oval depression, is associated
physically and geochemically with the Valley of the Geysers. The large Dal’nee maar
lake (Figure 3) was formed through a phreatomagmatic eruption 7,600 to 7,700 years
ago (Ponomareva, 1991). The Uzon Caldera is underlain primarily by basalt and
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dacite flows and tuffs (Belousov et al., 1984; Zolotarev et al., 1999). A large, deep
heat source and a deep water-bearing layer feed both the Uzon Caldera and Geyser
Valley thermal systems, within which occur several thermal areas with many distinct
hydrothermal features in each (Belousov et al., 1984).

Figure 3: Satellite image o f the Uzon Caldera. NASA Landsat 7 ETM + Satellite image at 15 m
resolution.

Biosedimentology Comparison
This study examines the biosedimentology of four distinct thermal features
within the Uzon Caldera. Thermophile Spring, a biologically active spring, is
characterized by a thick build up of microbial mats along the outflow channel and a
very minor accumulation of silica. Zavarzin Pool, a pool a few meters in diameter that
is fed by many vents, is characterized by the extensive deposition of detrital material
that accumulates on the surface o f a thick microbial mat that blankets the bottom o f

the pool. Ochki Pool is a large, shallow pool fed by many vents, and only a minor
occurrence of thin biofilms, little detrital input, and extensive build up of mineral
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precipitation in the form of evaporation features such as columns and spicules on
sinter islands. K4 Well is characterized by an outflow channel that flows away from
the leaking well head, an extensive amount of authigenic minerals, well-developed
biofilms, and limited detrital input.
The four thermal features selected for study represent four end-member
locations in the ternary diagram for sinter fabric formation. Ochki Pool represents the
chemical precipitation end-member, with minimal biological and detrital input.
Thermophile Spring represents the biological non-skeletal end-member, as the system
is dominated by microbial mat accumulation. Zavarzin Pool and K4 Well represent
the mid-point for biological/detrital and biological/chemical, respectively, with both
systems likely to preserve biofabrics (Figure 4).

Chemical

Stromatolites
and
Sinter Fabrics

Biological

Detrital

Figure 4: Thermal features studied include Ochki Pool (O), the chemical end-member, Thermophile
Spring (T), the biological end-member, Zavarzin Pool (Z), the mid-point between biological and
detrital, and K4 Well (K), the mid-point between biological and chemical factors.
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Results
Thermophile Spring: Thermophile Spring is a moderately sized thermal feature
located near the rim of the Eastern Thermal Field. The vent waters are 73-75°C, the
vent pool is ~1 m in diameter, and the outflow channel is ~7 m long. At the main
effluent of the pool are white islands of silica sinter that grade into two meters of black
sediment and white streamers, followed by several meters of thick, laminated
microbial mats (Figure 5).

Figure 5: Arial photograph o f the Eastern Thermal Field. The circle encloses Thermophile Spring and
its outflow channel, the vent appears white, the outflow channel turns just below the vent, and the large
dark triangle is a very thick accumulation o f microbial mats (Photo C. Romanek).

Thermophile, with a vent temperature of 73°C, has apparently been a stable
feature for at least 20 years. The same biofacies were observed in the channel in 1987
as occur presently (Gorlenko et al., 1987). The pH at the vent is 6, rising along the

outflow channel to a maximum pH of just over 7. The area around the vent and at the
beginning of the outflow channel consists of sinter islands coated with pink and green
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biofilms above the water line and subaqueous white streamers. The subaerial biofilms
consist of large cyanobacterial cocci (positive for chlorophyll-a autofluorescence) and
small rods (Figure 6).

Figure 6: Top: Subaerial sinter deposited near the vent at Thermophile (photo A. Colman). Note the
presence o f streamer biofilms at the base o f the spicular sinter structures. Bottom Left: SEM image of
the pink biofilm. Bottom Right: SEM image o f circular indentations left by cocci on the sinter (arrow) .

The white streamers attached to the rocky material along the edges of the hightemperature sinter islands continue along

the outflow channel for at least 3 m. The

streamers are attached at the mid-temperature portion of the outflow channel to
particles of loose black sediment that accumulate along the bottom of the channel floor
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(Figure 7). These white streamers are made up of Thermothrix spp. and sulfur
reducers (Gorlenko et al., 1987).

Figure 7: Top Left: Thermophile Spring vent surrounded by small sinter islands with white streamers
attached. Top Right: Black sediment and white streamers along the upper portion o f the outflow
channel. Bottom Left: SEM image o f filaments and rods in the streamer material, the white sulfur
material visible in the field images was removed by critical point drying. Bottom Right: Highly
refractive sulfur material is visible in the OLM photomicrograph.

Thick microbial mats that occur in the outflow channel below 60°C are
characterized by long streamers that protrude from the microbial mat surface (Figure
8). These mats are made up of Chloroflexus spp., Oscillatoria spp., and other
cyanobacteria (Gorlenko et al., 1987)
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Figure 8: Top: Streamers over thickly layered microbial mat in the outflow channel o f Thermophile
Spring. Bottom Left: SEM o f the middle layer o f a cohesive mat reveals the presence o f abundant
segmented cyanobacteria (positive for chlorophyll-a autofluorescence). Bottom Right: SEM of layers
near the mat surface reveals abundant small diameter filaments (possibly Chloroflexus spp.).

Though Thermophile Spring has an extensive microbial build up along the
entire length of the outflow channel, the potential to preserve biogenic sinter fabric is
limited. Except for minor subaerial spicular sinter immediately around the vent, the
system lacks the extensive mineral accumulation needed to preserve the different types
of biofabrics.
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Zavarzin Pool: Zavarzin Pool is a 4.5 by 2.25 m pool with many vents. The
temperature (~55°C) and pH (~6.30) are typical of all of the individual vents.
Zavarzin is situated in the Eastern Thermal Field, several hundred meters from
Thermophile Spring. The bottom of the pool consists of a filamentous mat several
millimeters thick that traps detrital material. The edges of the pool are rimmed with
thin mats dominated by cyanobacteria (Figure 9).

Figure 9: Top: Field photo o f Zavarzin Pool. Bottom left: SEM image o f filamentous cyanobacteria
(positive for chlorophyll-a autofluorescence). Bottom right: SEM image o f mineral grains (M) bound
by biological material (B).

Though the trapping and binding of detrital material into the mat may generate
a recognizable fabric that could be preserved, this biofabric is not becoming
cohesively lithified in the subaqueous environment. It is therefore unlikely to be
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recognizable as a biofabric in the rock record. XRD analysis indicates that
sedimentation at Zavarzin Pool consists of opal-A and detrital grains such as feldspar
(Appendix B).
Ochki Pool: Ochki Pool consists of a series of distinct vents that maintain a
large, shallow pool. This pool, several meters wide and greater than 10 m long, is
surrounded by and contains islands of sinter deposits. The vent temperature ranges
from 40-75°C, though the bulk of the sinter is deposited subaerially. The pH at Ochki
varies between vents, with an average pH of ~5. A few thin biofilms occur above the
water line, which consist primarily of cyanobacteria and diatoms. Though there is a
significant build up of spicular and laminar sinter material within and around Ochki
Pool, this deposition is driven by evaporation in the absence of biofilms, and the bulk
of the sinter lacks biological input (Figure 10).
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Figure 10: Top: Ochki Pool consists o f several vents that feed into a large, shallow pool characterized
by many sinter islands. Bottom Left: SEM image o f spicules from around the edge o f a vent. Bottom
Right: SEM image o f massive (M) and porous (P) fabric, with no obvious signs o f biological input.

Though there has been an extensive amount of sinter deposition at Ochki, it
consists of deposits with a limited amount of recognizable biological influence. Sinter
deposition at Ochki consists primarily of opal-A with minor kaolinite, cinnabar, and
sodium minerals (XRD data not shown).
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K4 Well: K4 Well is an experimental well that was drilled several decades ago
and then capped. The well head has been leaking extensively for a number of years
(G. Karpov, unpublished). Several distinct biofilms have developed along the outflow
channel floor and silicification preserves distinct sinter fabrics along the outflow
channel. The outflow channel is 1 m wide and extends approximately 3.5 m away
from the effluent before grading into standing water at the edge of Chloride Lake
(Figure 11). Water sprays out of the well head at 97°C, but cools to ~85°C at the
beginning of the outflow channel at the base of the well head. The hydrothermal fluid
cools to ~30°C in pools located outside of the main channel and at the end of the main
channel where it encounters Chloride Lake.
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Fig 11: Top: Field photo o f K4 Well outflow channel. Bottom Left: SEM image o f microfossil casts in
a cross-section through the 50°C K4 Well sinter. Bottom Right: SEM image shows that colloidal silica
(arrow) coats filaments on the surface o f a biofilm at 40°C from the K4 Well outflow channel.

The high temperature biofacies at K4 Well consists of small diameter (less
than 0.5 pm) non-cyanobacterial filaments (negative for chlorophyll-a
autofluorescence) that occur as very short pink-to-red streamers. The biofacies
occurring in the main channel below ~75°C consists of wider (greater than 2 pm) noncyanobacterial filaments (negative for chlorophyll-a autofluorescence). The biofacies
below 70°C consists of the wide non-cyanobacterial filamentous morphotypes
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observed at 75°C, but also includes filamentous cyanobacteria (positive for
chlorophyll-a autofluorescence). The lower temperature biofacies (40-60°C) consists
predominantly of cyanobacteria that occur as several different filamentous
morphotypes as well as rods. The pools that occur outside the main outflow channel,
with temperatures below 40°C, contain floating tufts of probable phototrophic
filaments (filaments with green pigmentation), which have a narrow diameter (0.8 pm)
and are not cyanobacteria (negative for chlorophyll-a autofluorescence).
The silicification of biofilms in the outflow channel at K4 Well preserves
sinter fabrics with a demonstrable biogenic input (Figure 12). The biofabrics preserve
information with regard to the biofilm architecture as well as the morphotypes of the
organisms. The outflow channel at K4 Well represents a system of biologic
input/chemical precipitation with very low detrital input, factors that allow for
excellent preservation of biofilm features.
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Figure 12: Top: Thin section o f sinter from K4 Well illustrating both dense and porous areas o f a
palisade fabric. Bottom: Enlargement o f the area in the box illustrates that the dark areas o f the fabric
are accumulations o f microfossils.
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Geochemistry
Geochemistry data for the thermal features was provided by research
collaborators at SREL and UGA, especially Chris Romanek, Doug Crowe, and Paul
Schroeder. The geochemistry of these four thermal features is similar; all four have
silica concentrations of approximately 100 ppm and circumneutral pH, though Ochki
Pool is slightly more acidic. K4 Well has higher sodium and arsenic concentrations
than the other thermal features. Thermophile Spring has the highest sulfide
concentrations, and Ochki Pool has the highest sulfate. Thermophile and Zavarzin,
both from the Eastern Thermal Field, have higher alkalinity than K4 Well and Ochki,
while K4 Well and Ochki, from Central Thermal Field, have the highest relative
arsenic and sodium concentrations (Geochemistry Data: Appendix B).
The observations made in this study indicate that even in hot springs that have
similar dissolved silica concentrations, the potential for preservation of a biofabric can
vary significantly. For example, though opaline sinter is actively forming at Ochki
Pool and K4 Well, there was no indication in this study that opaline silica was
accumulating at Zavarzin Pool and Thermophile Spring, despite roughly similar (70110 ppm) vent silica concentrations. Ochki Pool and K4 Well, with low flow
volumes, shallow pools at Ochki (~ 1 cm), and a shallow outflow channel at K4 Well
(mm - cm), are conducive to high evaporation rates at these thermal features, driving
extensive mineral deposition. The high flow volumes at Zavarzin Pool and
Thermophile Spring, the deep pool at Zavarzin (-50 cm), and deep (5-10 cm), fast
flowing, steep-sided outflow channel at Thermophile Spring limit the evaporative
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concentration at these features. Thus, evaporation at K4 Well and Ochki Pool
increases the “chemical” input at these two thermal features.

Discussion
Differences in the relative contribution of biotic and abiotic factors that
contribute to die development of sinter fabrics for the four thermal features studied
revealed how the end-member biological, detrital, and chemical processes contribute
to the development and preservation of biofabrics. Thermophile Spring represents a
“high biology” end-member with low detrital input and low amounts of authigenic
mineral precipitation, which limits sinter formation, hence biofabrics are not
preserved. Zavarzin represents a mid-point between the “high biology” and “high
detrital” end-members, with low amounts of authigenic mineral deposition, which
results in a trapping and binding biofabric, but one that is not likely to be preserved as
a recognizable biofabric. Ochki represents the “high chemical” end-member, with
authigenic mineral precipitation, low biological and low detrital inputs, and the lack
o f biofabrics due to the lack of biofilms on the depositional surface. K4 Well
represents a mid-point between the biological and chemical end-members, with
biofilms on the accretionary surfaces of the sinter, the precipitation of silica in
association with the biofilm, and low detrital inputs, which results in a distinctive
biofabric likely to be preserved in the geological record.
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IV. BIOFACIES AND LITHOFACIES AT K4 WELL,
UZON CALDERA, KAMCHATKA, RUSSIA

Abstract
The study of modem hot springs generates a greater understanding of how microbes influence
sedimentary structures found in the rock record. The outflow channel at K4 Well has several
distinct biofacies, the mineralization of which generates several distinctive sinterfabrics. K4
Well has a low flow-volume outflow channel with limited detrital input. Thin biofilms in the
K4 Well outflow channel, most o f which are dominated by a single microbial morphotype,
allow a more direct interpretation o f the interaction between microbial communities and silica
deposition informing sinterfabric. The sinterfabrics being deposited in this modem thermal
feature reveal that thefabric is directly related to the presence o f a biofilm on the depositional
surface.

Introduction
Biogenic sedimentary structures are a potentially significant biosignature
repository. By increasing our understanding of how microorganisms influence
stromatolite formation, it will be possible to improve our recognition of the
biogenicity of stromatolites. Silica sinter, deposited in the majority of hot springs
located around the world, is of interest because it preserves material with a high
degree of morphological fidelity. Once sinter is diagenetically altered to quartz, it is
relatively resistant to both physical and chemical weathering. Modem silica sinter has
several components that contribute to development of the sinter fabric.
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Siliceous sinter is comprised of: (1) primary silica, precipitated as opal-A or
opal-A colloids, (2) opal-A cement, precipitated from water flowing through the sinter
after primary silica deposition, (3) other authigenic minerals, such as clays or iron
oxihydroxides, and (4) detrital materials, such as plant detritus, pollen, or mineral
debris (Jones and Renaut, 2003). Microorganisms may be preserved as organic
material, but they are more commonly replaced or encrusted by silica with little
organic matter entering the sinter deposit. The rate of microbial silicification, as well
as the way in which microfossils forms, are related to the silica concentration
(McKenzie et al., 2001; Schidlowski et al., 1979).
Sinter is deposited as X-ray amorphous opal (opal-A), which is
thermodynamically unstable at Earth surface pressure-temperature conditions, and will
therefore crystallize to opal-CT and then to microcrystalline quartz (Lynne and
Campbell, 2003). The transformation opal-A->opal-CT->quartz occurs through
dissolution reprecipitation reactions, and the rate of the transformation is a function of
the accessible surface area of the phase being dissolved. Opal-A and opal-CT are
thermodynamically metastable (Williams et al., 1985). Opal-A is precipitated as
monomeric silica or polymerized colloidal silica. The size of colloidal silica is related
to the amount of silica supersaturation and the time available for polymerization
(Williams et al., 1985). Supersaturation with respect to silica can be generated by a
decrease in pH or temperature, or by evaporative concentration of the thermal fluids
(Williams and Crerar, 1985). The limited change in silica solubility over a wide range
of pH from low to circumneutral values suggests that evaporative concentration and
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cooling along the outflow channels of thermal features will be the most important
factors driving silica deposition in hydrothermal features.
The activity and presence of microorganisms can be correlated with
sedimentary sinter fabrics through the biofacies-lithofacies concept (Walter et al.,
1996). A hot spring biofacies is defined as the community of organisms that occur at a
certain temperature and geochemistry. The term lithofacies describes the sum of
material deposited at a given location, which includes sedimentation of material,
growth of a biofilm or mat on the surface, burial and decay of that mat, and
precipitation of minerals on the surface.
The schematic comparison shown in Figure 1 illustrates the earliest recognized
correlation between biofacies and lithofacies. The biofacies-lithofacies correlation
presented by Walter (1976) suggests that high-temperatures facies have columnar or
spicular fabrics with no microorganisms, mid-temperature facies have laminar sinter
fabrics and Phormidium, Chloroflexus, and Synechococcus mats, and low-temperature
facies have palisades fabrics and Calothrix mats (Walter, 1976). The Walter (1976)
facies model was modified by Cady and Farmer (1996) to include their finding o f the
presence of hyperthermophilic microorganisms in the highest temperature fluids
(Cady and Farmer, 1996).
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Figure 1: Siliceous sinter facies observed by Cady and Fanner (1996) in Yellowstone National Park.
Taphofacies refers to the mode o f microbial fossilization. Note: This figure does not include reference
to the high-temperature hyperthermophilic community (>80°C) which is dominated by 71 Ruber (Blank
et al, 2002)

This study examined the interaction of microorganisms and sinter deposition in
the formation of biofabrics in modem thermal features. The thermal features
examined in this study are located in the Uzon Caldera. A study of sinter fabric
formation at K4 Well in the Uzon Caldera was completed using several analytical
techniques and a variety of samples. The samples retrieved from K4 Well consisted of
air-dried sinter, sinter and biofilms preserved in gluteraldehyde solution, and slides
that were deployed in the outflow channel and then collected and fixed with
gluteraldehyde vapor. The extant biofilm communities on the sinter surface and
biofilms developed on the deployed slides were analyzed using an OLM in
conjunction with fluorescence filters selected to distinguish cyanobacteria. SEM and
HRSEM analysis were used to document the distribution of morphotypes. The sinter
fabric was analyzed through optical examination of thin sections generated from the
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air-dried sinter, and by SEM analysis of sinter cross-sections. Finally, the distribution
of minerals within the system was examined through XRD analysis.
Results
The temperature of water and steam escaping from the well head is 98.3°C.
The water runs diffusely down the side of the well head and then forms a single
outflow channel. The fluid temperature drops rapidly towards ambient temperatures,
especially in the low-flow areas outside the central channel, and when the outflow
channel drains into Chloride Lake. The outflow channel, less than 4m long and about
1 to 1.5 m across, is surrounded by gravel-sized sediment. Water at the vent has
variable silica (-100 ppm), high sodium (820 ppm), high potassium (122 ppm), high
arsenic (-6 ppm), and circumneutra! pH along the outflow channel (C. Romanek,
personal communication). Deposition along the outflow channel is dominated by
opal-A, with minor amounts of halite, iron oxides, and clay minerals at various facies.
This study generated a detailed, spatially integrated description of the various
facies identified at this geothermal site.
Facies I
75-85°C
The highest temperature (85°C) community and sinter at K4 Well is located on
the edge of the well head. The sinter is coated with a thin red biofilm that contains
small, short reddish-brown streamers attached to a red mineral rind that was deposited
on white sinter material. In general, the sinter material is micro-porous and has a low
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density. The water spraying out of the well head has not channelized into a
concentrated flow at this point of the outflow channel. The fluid flow is diffuse and
constant over the edge of the rim that has built up beneath the region where the spray
is emitted (Figure 2).

Figure 2: Well head and upper outflow channel o f K4 Well. Several branches protrude from a hole
located in the right-hand side o f the well. Arrow indicates the material represented in the 85°C sample,
which is a red biofilm and rind over white sinter material (photo, A. Colman).

The morphology, SEM appearance, and temperature range where this biofilm
occurs, lead to the conclusion that this red biofilm is probably dominated by members

of the Aquificales family. Some representatives of Aquificales, a chemolithoautotroph
that forms white to pink streamers in hot springs, have optimal growth temperatures
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up to 85°C (Huber and Eder, 2006). The filaments are uniform in appearance and are
characterized by long segments, rounded ends, and an average diameter of
approximately 0.5 pm (Figure 3). The filaments move freely around a single
attachment point and they appear to be associated with only a limited amount of EPS
(Figure 3). A slide deployed at this sampling location for 5 days was colonized by
rods and filamentous morphotypes with an average diameter consistent with the extant
biofilm.

Figure 3: Top Left: Phase contrast image shows filaments attached to mineral grains (dark material).
Top Right: HRSEM photomicrograph showing filament attachment to the mineral surface. Bottom:
HRSEM micrograph o f filaments.
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XRD analysis revealed that with regard to mineralogy, die bulk of the sinter at
Facies I is opal-A, with randomly oriented smectite grains and minute amounts of a
crystalline iron oxide (wustite) (Figure 4). The relative proportions of minerals in the
sinter were determined by geometric analysis of thin section images using ImageJ®.
The surface of the sinter consists of opal-A, 2-line ferrihydrite, and minor amounts of
smectite. While the bulk of the sinter consists of opal-A (greater than 90%), the iron
minerals may play a key role early in the mineralization of the cells (Figure 4).
Though the relative amount of ferrihydrite is high in the upper portion of the sample,
thin section examination indicated that it is absent from the lower portions of the
sample. The deployed slide was coated with a red, iron-rich material, in some areas
thick enough on the slide to impede light transmission through it (not shown).
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Figure 4: Top Left: Low magnification image o f the 85°C sinter in thin section, showing the porous
nature o f the bulk sinter, randomly oriented smectite grains, and iron-rich rind on the sinter surface.
Top Right: Higher magnification image o f the middle o f the thin section. Bottom: The XRD spectrum
indicates the presence o f opal-A (O), smectite (S), 2-line ferrihydrite (F), and wustite (W). Intensity (I)
versus degrees 20. Cobalt K a incident beam, X = 1.79Q2A.

HRSEM X-ray maps were acquired to determine the mineral distribution in a
Facies I sample. The red material on the surface of the sinter was mapped for Fe, Si,
and O. Analysis indicated the presence of a high-iron silicate (i.e. nontronite) and
another non-silicate mineral phase that contains iron (Figure 5).
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Figure 5: Top Left: Silicon X-ray map overlay on SEM image o f the sample surface. Top Right:
Oxygen X-ray map. Bottom Left: Silicon X-ray map overlay on Oxygen x-ray map. Bottom Right:
Iron X-ray map overlay on SEM image o f sample surface. A ll images at the same scale.

It appears that biomineralization may have proceeded with initial precipitation
of iron on the sheath, followed by silicification, followed by the loss of the organic
material and amorphous iron oxides from within the silica. Note the large lumen
(interior diameter) size of the apparent microfossils (~1 pm) compared to the size of
the organisms in the extant biofilm (~0.5pm) (Figure 6).
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Figure 6: Left: SEM micrograph o f lightly mineralized filaments with blade-like mineral grains attached
to the surface. Right: SEM micrograph o f massive sinter with large interior diameter filament casts.

The Facies I sinter has a surface covered by short spicules that are associated
with radial clumps of filaments. The interior of the sinter is porous and consists of
areas of loosely aggregated lightly mineralized filaments alternating with areas of
filaments that have extensive silica accumulation (Figure 7).
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Figure 7: Top Left: Thin section showing the distribution o f pores and dense areas in sinter from
Facies I. Top Right: SEM o f sinter that shows “nests” o f filaments that appear in thin section as open
areas along with the dense mineral material between these. Bottom Left: Higher magnification o f dense
area reveals high amounts o f mineralization between filament casts. Bottom right: The pores consist o f
lightly mineralized filaments.

The biofacies at Facies I consists of small diameter filaments that attach
radially around mineral grains on the sinter surface. The filaments are mineralized by
iron oxides and silica and thus, are incorporated into a microporous sinter fabric. This
microporosity arises from the greater degree of mineralization around the attachment
points.
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Facies II
Facies Ha 60-75°C
This facies consists of a thin, orange biofilm that formed over a very porous,
friable sinter characterized by distinctly colored layers. Facies Ha occurs in the main
outflow channel, where flow has concentrated from the diffuse flow of the well head
and steam condensation, such that the sinter surface is under ~1 cm of water (Figure
8).

Figure 8: A picture o f the upper portion o f the K4 Well outflow channel. Arrow indicates the orange
material characteristic o f the 72°C sample. Well head is to the right, out o f the field o f view.

The Facies Ha biofilms are dominated by a uniform filamentous morphotype with an
average diameter of 2.2 pm. The filaments are embedded in a thick EPS matrix
(Figure 9). Based on the color of pigments in the filaments, temperature range, and
microbial morphotypes, these filaments likely represent Thermus, a heterotroph with

growth from 50-80°C and optimal growth at 75°C. Thermus often forms yellow
filaments (Williams and da Costa, 1992).

Figure 9: Left: Optical microscopy shows wide filaments embedded in a thick EPS matrix. Right:
With the EPS removed by critical point drying the uniform morphology o f these filaments is clearly
seen with HRSEM.

Interestingly, this biofilm of uniformly sized filamentous morphotypes does
not appear to consist of the initial colonizers at this site. A slide deployed at the
sampling site showed the attachment of small diameter (d=0.4 pm) rods, more similar
to what was seen on slides at the higher temperature site (Figure 10).

.

A

Figure 10: Rods attached to a slide deployed for 5 days at 72°C.
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The Facies Ha sinter is notably porous and very friable. The entire structure
seems to be built of interconnected silicified filaments, only rarely with denser areas
of higher mineralization. XRD analysis indicates that the sample consists mostly of
opal-A with minor amounts of iron oxide. OLM analysis of the thin section shows a
few small crystals of iron oxide (ImageJ® analysis less than 1% iron oxide).
Mineralized filaments and filament casts are preserved in the Facies Ha sinter. Given
that the average inside diameter on the casts is 0.8 pm and 3.5 pm for the mineralized
filaments, the mineralized filaments and filament casts could be from different
populations (e.g., primary colonizers and climax community) (Figure 11). The
difference in microfossil diameters could also be an artifact of silica deposition via
different fossilization mechanisms.
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Figure 11: Top Left: Mineralized filaments, average diameter 3.6 pm. Top Right: Casts in densely
mineralized area, average lumen diameter 0.8 pm. Bottom: XRD spectra o f facies Ila sinter with opalA (O) and minor wustite (W) peaks. Intensity (I) versus degrees 20. Cobalt K a incident beam, X 1.7902 A.

The Facies Ila sinter does not appear laminated in hand sample, but does have
distinctly colored layers. Thin section analysis showed weak horizontal layering in
addition to the well-developed vertical structures of the palisades fabric (Figure 12).
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Figure 12: Top: Thin section showing long vertical pores that generate a palisade sinter fabric.
Bottom: Higher magnification micrograph showing pores and palisades o f higher density o f
mineralized filaments.

SEM analysis revealed that the fabric consists of alternating areas of densely
mineralized filaments and areas of only slightly mineralized filaments with high
porosity, which generates a relatively high porosity sinter (Figure 13).

Figure 13: SEM image showing the edge o f a porous area, with the lower left made up o f densely
mineralized material, and the porous area made up o f lightly mineralized filaments.

Facies lib 67°C
Changes were observed between 72 and 67°C, especially in the appearance of
cyanobacteria in the community, though the overall description of the sinter warrants
grouping these samples into a single facies. The Facies lib biofilm consists of noncyanobacterial filaments (possibly Thermus based upon morphology, temperature
range of this facies, and lack of chlorophyll-a autofluorescence) with an average
diameter of 2.5 pm, mixed with large filamentous cyanobacteria that are
morphologically similar to Pseudanabaena (Castenholz, 2001), with an average
diameter of 4.1 pm. The biofilm community is embedded in EPS (Figure 14).
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Figure 14: Top Left: Chlorophyll-a autofluorescence o f cyanobacteria. Top Right: DIC-Nomarski
photomicrograph showing both cyanobacteria (C) and wide filaments (F). Bottom: SEM
photomicrograph showing cyanobacteria and wide filaments (arrows).

The slide deployed at Facies lib revealed that a microbial consortium unlike
that of the extant biofilm on the sinter developed on the slide. As shown in Figure 15,
the filaments are narrower (average diameter of 0.46 pm). Based upon optical
microscopy in conjunction with chlorophyll-a autofluorescence, cyanobacteria were
not present. There are rods in this biofacies.
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Figure 15: SEM photomicrograph o f the surface o f a slide deployed at 67°C, with thin filaments and
rods.

Facies lib consists of opal-A, which occurs primarily as silicified filaments
with limited areas of dense mineralization. XRD analysis indicated traces of detrital
quartz and zeolites (Figure 16) though no visible birefringence was observed in thin
section.
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Figure 16: Top Left: Silicified filaments. Top Right: Filament casts. Average outer diameter o f the
silicified filaments is 2.6 pm. Bottom: XRD spectra for 67°C air-dried sinter, which shows a welldefined opal-A (O) peak, with minor quartz (Q) and zeolite (Z) peaks. Plotted as intensity (I) versus
degrees 20. Cobalt K a incident beam, X = 1.7902 A.

The silicified filaments appear to be of the wide, non-cyanobacterial
morphotypes seen in the extant biofacies. In this sinter, no evidence of silicification of
the cyanobacteria or the primary colonizers was found on the deployed slide. The
sinter fabric is very similar to the sinter from Facies Ila (72°C), which is dominated by
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large pores arranged in a palisade fabric, with minor horizontal laminations near the
sinter surface (Figure 17).

Figure 17: A low magnification image illustrates the palisades fabric interlayered with sets o f laminae
oriented parallel to the top surface o f the sample.

Despite the addition of cyanobacteria (positive for chlorophyll-a
autofluorescence) into the biofacies community, the lib lithofacies closely resembles
the Facies Ila lithofacies, which consists of highly porous, friable sinter with a
palisades fabric.
Facies III
42-60°C
Facies III occurs in the flat, low areas along the edges of the main flow, and
especially at a turn in the outflow channel, where water is diverted into a pooled area
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(Figure 18). These low flow areas outside the main channel consist only of a thin (~1
cm) layer of water, a thin green biofilm, and low porosity, laminated sinter.
?—

■

Figure 18: Image o f the K4 Well outflow area in 2005. Arrow indicates the pooled area where facies
III samples were collected.

Samples collected at 54°C (2005) and 43 °C (2004) were characterized by
biofilms dominated by cyanobacteria (positive for chlorophyll-a autofluorescence) that
colonized the accretionary surface of the laminar sinter. The biofilms consist of thin
layers of mixed morphotypes embedded in abundant EPS. With regard to biofacies,
the most abundant morphotypes, large filamentous cyanobacteria, have an average
diameter of 4.0 pm (possibly Pseudanabaena based upon morphology and
chlorophyll-a autofluorescence). The cyanobacterial rods have an average diameter of
0.5 pm (possibly Synechococcus, based upon morphology and chlorophyll-a
autofluorescence). The thin, non-cyanobacterial filaments have an average diameter of
0.5 pm (possibly Chloroflexus based upon morphology and temperature range)
(Figure 19).
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Figure 19: Top Left: Chlorophyll-a autofluorescence o f the wide filamentous cyanobacteria. Top Right: DIC
Nomarski image o f filamentous morphotypes thickly embedded in EPS. Bottom: HRSEM micrograph showing
the diversity o f morphotypes found in this biofacies, and the relative abundance o f large, segmented cyanobacteria.

The slide deployed at Facies III indicated a very similar initial colonization and
extant biofilm community for this sample location. After 5 days, the slide was thickly
colonized with large cyanobacterial filaments (possibly Pseudanabaena, based on
morphology and chlorophyll-a autofluorescence), smaller cyanobacterial filaments
(possibly Calothrix, based on morphology and chlorophyll-a autofluorescence), thin
non-cyanobacterial filaments (possibly Chloroflexus, based on morphology and
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temperature range), and cyanobacterial rods (possibly Synechococcus, based on
morphology and chlorophyll-a autofluorescence). The cyanobacterial filaments had
an average diameter of 3.9 pm and the thin non-cyanobacterial filaments had an
average diameter of 0.6 pm (Figure 20).

Figure 20: Phase contrast image (left) and chlorophyll-a autofluorescence o f filaments and filamentous
cyanobacteria on a slide deployed for five days at the 54°C sampling location.

With regards to the lithofacies, the sinter consists of opal-A, which is deposited
as thin layers with abundant filament casts. There is a bimodal distribution of
morphological microfossils, with casts having a lumen diameter of 2.9 pm, and opalreplaced cyanobacteria having an average diameter of 3.7 pm (sample number of 10
for each group, standard deviation less than 10% of mean) (Figure 21).
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Figure 21: Sinter casts and morphological microfossils comprised o f colloidal and massive opal-A forming in
Facies III.

The sinter in Facies III is significantly less porous than the sinter in Facies II.
The Facies III sinter consists in hand sample of friable, finely laminated, white-to-tan
material. The fabric is also laminar, with the laminations generated by alternating
layers of microfossils/colloidal silica with layers of blocky silica (Figure 22).
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Figure 22: Top Left: Low magnification image o f the sinter in thin section showing fine laminae. Top
Right: Higher magnification image o f the thin section. Bottom: SEM micrograph showing the laminar
fabric.

The sinter at 43°C also consists of fine laminae of filament casts and blocky
silica. The filament casts have an average lumen diameter of 1.7 jam and an average
outer diameter of 3 pm (sample number of 10, standard deviation less than 10% of
mean) (Figure 23).
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Figure 23: Laminar sinter fabric o f oriented layers o f filament casts in the 43°C sinter sample.

Facies III is in the mid-temperature range where cyanobacteria dominate the
biofilms at K4 Well.
Facies IV
Below 42°C
Small pools of still water around the periphery of the outflow channel contain
tufts of free-floating green material over white granular material (Figure 24).
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Figure 24: Field photo o f depressions around the outflow channel with tufts o f filamentous material floating in
them (Photo A. Colman).

The biofacies in Facies IV is characterized by the loss of morphotype diversity
and absence of cyanobacteria (no chlorophyll-a autofluorescence was observed). The
Facies IV biofacies is dominated by a uniform morphotype that consists of a thin, noncyanobacterial filament - probably a filamentous anoxygenic phototroph such as
Chloroflexus. The filaments have an average diameter of 0.7 pm (sample number of
10 and standard deviation of less than 10%) (Figure 25).
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Figure 25: Top Left: Optical micrograph o f thin filaments coming out o f a thick clump o f EPS. Top Right:
HRSEM micrograph o f the filaments with collapsed sheath material. Bottom: HRSEM micrograph showing the
segments.

The deployed slide revealed that the filaments that dominate this biofacies as
floating tufts do not attach to the surface beneath. The deployed slide was colonized
by long rods of average diameter of 0.5 pm and shorter rods of average diameter of
0.7 pm (sample number of 10, standard deviation less than 10% of sample mean)
(Figure 26).

Figure 26: SEM image o f rods attached to a slide deployed atthe41°C sampling location and preserved
in gluteraldehyde vapor.

The granular sinter material at Facies IV consists of opal-A with traces of
halite and traces of zeolite (stellarite). The silica accumulation seems to occur toward
the center of each clump of filaments. The silicified filaments have an average
diameter of 1.4 pm (Figure 27). The sinter lithofacies of Facies IV consists of
unconsolidated granular material deposited at the bottom of the pools.
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Figure 27: Top Left: HRSEM micrograph o f silica and silicified filaments inside a clump o f filaments
in the 41 °C sample. Top Right: SEM micrograph o f the silica accumulation in the middle o f a freefloating filament clump. Bottom: XRD spectra showing the strong opal-A (O) as well as zeolite (Z)
and halite (H) signatures. Plotted as intensity (I) versus degrees 20. Cobalt K a incident beam, X =
1.7902 A.

Discussion

The biofacies observed at each temperature in a hydrothermal feature appears
to be consistent for features of similar geochemistry worldwide. Several studies
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illustrate that distinct and recognizable facies are seen in modem silica-depositing hot
springs, and that these facies are preserved in the rock record. The highest
temperature biofacies, above ~75°C, consists of communities that are commonly
dominated by Aquificales and Thermus (Blank et al., 2002; Huber and Eder, 2006;
Inagaki et al., 1997; Jahnke et al., 2001). The mid-temperature biofacies, from ~5075 °C, consists of communities dominated by Chlorqflexus and Synechococcus
(Castenholz, 2001; Hanada and Pierson, 2002; Ward et al., 1998). The lower
temperature biofacies consists of communities dominated by multiple representatives
of the cyanobacteria, including Synechococcus, Calothrix, Phormidium, and
Oscillatoria (Castenholz, 2001).
The Pleistocene Umukuri Sinter in New Zealand exhibits several lithofacies,
including: (1) palisades fabric, (2) wavy-laminated fabric, likely formed in association
with Phormidium mats at moderate temperatures, (3) curved laminae with voids
fabric, likely formed due to oxygen bubbles generated by cyanobacteria, and (4)
clotted fabric, forming from silicification of floating filaments (Campbell et al., 2001).
Similar lithofacies were found in the Paleozoic Drummond Basin (Australia) sinter:
(1) very high temperature spicular geyserite, (2) high temperature thin bedded sinter
with streamers, and (3) low temperature conical or palisade fabrics (Walter et al.,
1996).
There are four distinct lithofacies at K4 Well; (1) Facies I, the highest
temperature facies, is microporous and has small scale spicules on the sinter surface,
(2) Facies II, the channel facies, has a porous palisade fabric, (3) Facies III, the facies
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just outside the channel facies, is low porosity with fine laminations, and (4) Facies
IV, the lowest temperature facies, is the granular material deposited in still pools
outside the outflow channel. In each facies, the micro-fabric is clearly related to the
distribution and orientation of filamentous organisms. In the outflow channel the
facies form a V-shaped distribution pattern (with the bottom of the V forming
downstream), following the temperature gradients and flow (Figure 28). The initial
sinter deposition at K4 Well occurs primarily as colloidal or monomeric silica that
precipitates onto filamentous organisms, such that the occurrence and growth patterns
of the microorganisms play a major role in determining the structural development of
the sinter fabric.
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Figure 28: Schematic o f the distribution, biofacies, and lithofacies o f the four sinter facies forming at
K4 Well.

The modem sinter deposited at K4 Well contains a clear biogenic component.
The sinter fabric is influenced by the growth patterns of the microorganisms. At the
high-temperature facies (Facies I), the filaments are radially oriented around
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topological high areas, with thick EPS only at the attachment point. This EPS at the
attachment is preferentially silicified. This preferential silicification around the
attachment leads to columns of dense mineralization (representing growth of the
attachment point spicules) with pores between that represent the area covered by
filaments that lack EPS and, therefore, are less massively mineralized.
The palisades fabric of the channel facies (Facies II) likely also reflects growth
patterns in the biofilms, as a biofilm will develop with many areas of dense
microorganisms and EPS, yet maintain pores throughout to allow the movement of
fluid through the biofilm. This growth pattern is seen in the pillars of highly silicified
filaments with open pore space between.
The importance of cyanobacteria is that the biofilms should show less growth
during the winter, due to low insolation at this latitude. The lack of growth in the
winter allows for the deposition of monomeric silica layers in the near absence of
organisms, leading to thin, massive silica layers that represent the winter deposition,
and wider layers with many preserved sheaths that represent summer deposition.
The low abundance of non-cyanobacterial organisms may allow this seasonal
behavior of cyanobacteria to generate laminae that represent deposition of alternating
abiotic and biotic layers of sinter.
Finally, the granular sinter facies (Facies IV) forms in still pools due to the
silicification of free-floating tufts of filamentous anoxygenic phototrophs. Granules
may grow through part of the year, and then when insolation levels fall, the
phototrophs die back and the silicified tuft sinks to the bottom of the pool.
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The sinter fabric facies are reversed in location of the mid and low-temperature
at K4 Well as compared those observed in Yellowstone National Park, in that the
channel facies, from 45-75°C has a palisades fabric, while the lower temperature
facies, from 42-55°C, has a laminar fabric. The palisades fabric in the mid
temperature range occurs as a result of the lack of streamers, such that silicification of
a randomly oriented biofilm that consists of a mixture of phototrophs and chemotrophs
occurs as opposed to the silicification of a biofilm with horizontally oriented
streamers.
The occurrence of cyanobacteria (based upon chlorophyll-a autofluorescence)
at K4-Well is unusual in several ways. The first is the appearance of filamentous
cyanobacteria in the biofacies community at 67°C, when Synechococcus, which occurs
as rods, is expected to be the only cyanobacteria present. Another interesting point is
that the cyanobacteria do not make up the bulk of the biofilm in the channel biofacies.
Finally, there is the disappearance of the cyanobacteria in the green phototrophic freefloating tufts in still pools around the spring. Filamentous anoxygenic phototrophs,
such as Chloroflexus, are usually reported as occurring in association with
cyanobacteria (Gorlenko et al., 1987; Hanada and Pierson, 2002; Ward et al., 1998).
The loss of cyanobacteria at the lowest temperatures may be the result of increased
mixing with the water table in these pools, which lie in an area that has mercury,
arsenic and sulfide-rich minerals just below the surface (G. Karpov, personal
communication).
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The majority of microfossils observed consisted of silicified filaments, with
average outer diameters and average lumen diameters both differing from the extant
filaments in the biofilms. The majority of mineralized filaments represent preserved
sheaths or casts. However, several samples retained well-preserved morphological
microfossils of cyanobacteria trichomes (Figure 29).

Figure 29: Top: SEM image o f a morphological microfossil o f a cyanobacterial trichome replaced with
colloidal silica. Bottom: SEM image o f a morphological microfossil o f a different cyanobacterial
trichome replaced with massive silica.

The initial sinter fabric deposition follows the structures of the biofilms, and
the sinter fabric consists of silicified filaments. The evidence observed in siliceous
sinter deposited at K4 Well is that the structure of the biofilm controls the
development of sinter fabric.
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V. MODELING SEASONAL SILICA DEPOSITION IN THERMAL
FEATURES: IMPLICATIONS FOR THE PRESERVATION OF LAMINAR
BIOFABRICS

Abstract
Microbially influenced sedimentary structures such as stromatolites are an
important class o f biosignature. Unfortunately, biogenicity o f stromatolites is difficult
to prove. This study examines the role o f various factors in the development o f laminae
in a modern laminated sinter stromatolite, where the biogenic input has not been
obscured by diagenetic alteration. Modeling o f the geochemical behavior ofsilica
and evaporation in the outflow channel predicted that monomeric silica deposition
occurs in spring/fall and colloidal silica formation occurs in the summer. Such
results, when combined with the growth pattern o f cyanobacteria in northern
latitudes, where maximum growth occurs in the summer months due to high
insolation, demonstrate that a modeling approach can validate the hypothesis
proposed to explain the relative role o f biological, physical, and chemicalfactors in
the formation o f these stromatolites.

Introduction
The interaction of geochemical silica precipitation and microbial mats/biofilms
has been studied at many thermal areas (Cady and Farmer, 1996; Cady et al., 2003;
Campbell et al., 2001; Des Marais, 2001; Farmer and Des Marais, 1999; Jones et al.,
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2001; Konhauser et al., 2003; Konhauser et al., 2001; Lalonde et al., 2005; Lowe and
Braunstein, 2003; Rasmussen, 2000; Walter et al., 1996). While there is no evidence
that microbial metabolism controls deposition, microbial surfaces and extracellular
polysaccharides secreted by the microorganisms provide depositional sites for silica
precipitation (Cady and Farmer, 1996). The preferential deposition of silica on
microbial surfaces can result in the preservation of microbial structures such as
streamers (Mountain et al., 2003).
The association between silica and microbial surfaces is poorly understood, as
both monomeric and colloidal silica should be repelled by die negatively charged cell
surface. The presence of neutral to weakly electronegative sheaths around the
microbe may allow for monomeric silica deposition onto reactive sites such as
carboxyl, phosphoryl, or amine groups (Phoenix et al., 2002). The deposition of
colloidal silica may be associated widi adsorption to extracellular polysaccharides
(Lalonde et al., 2005).
The laminated sinter forming in Icelandic hot springs is hypothesized to occur
due to seasonal growth cycles of the cyanobacterial mat (Konhauser et al., 2001). This
relationship, however, has not been tested. This study focused on modeling the role
of abiotic silica precipitation and utilizing the model predictions and natural sample
observations to estimate the factors that generate seasonal layering in laminar sinter
associated with a cyanobacterial biofilm.
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Silica Deposition at K4 Well
The Kamchatka Peninsula of far eastern Russia is an active volcanic region.
The Uzon Caldera is located in the Kronotsky National Biosphere Reserve
approximately 200 km north of Petropavlovsk, the only major city in Kamchatka. The
Uzon Caldera formed during the collapse of Mount Uzon 40,000 years ago
(Florenkskii, 1988). The caldera is a 7 by 10 km oval and associated physically and
geochemically with the Valley of the Geysers (Figure 1).

Figure 1: Satellite image o f the Uzon Caldera. K4 Well is in the Central Thermal Field (CTF). NASA
Lansat 7 ETM + Satellite image at 15 m resolution.

The laminar sinter lithofacies from the K4 Well outflow channel was selected
to test our understanding of sinter fabric formation through modeling for a number of
reasons. The sinter fabric is well defined, with many fine, continuous laminae. The
alternating layers of massive opal-A and colloidal opal-A associated with a framework
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of microbial casts was hypothesized to represent seasonal layering. The sample breaks
easily along the laminae, which appear to be horizontally continuous across the
laminar facies. At higher magnification, the lamination boundaries are less perfectly
defined, but the thin layers of massive opal-A can be followed as nearly flat lines
across the sample (Figure 2).

Figure 2: Top: Low magnification thin section image. Bottom: SEM micrograph showing the fabric of
the lamina.
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Results
Evaporation
Evaporative concentration is a major factor in the deposition of siliceous sinter
when hydrothermal fluids reach the surface. Though the silica concentration may be
below saturation at the vent effluent, the water cools and evaporates as it flows down
the outflow channel. The solubility of dissolved silica will decrease, due to the
temperature decrease, and the dissolved silica concentration will increase, due to
evaporative concentration. Evaporative concentration at the laminar facies is a
function of the initial concentration of silica in the hydrothermal fluids, meteoric
precipitation into the outflow channel, and the amount of evaporation (Hinman and
Lindstrom, 1996).

Figure 3: The outflow channel at K 4 W ell, showing the facies o f interest (circle). The w ell head is to
the right o f the image.
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The climate of the Uzon Caldera determines the evaporation from and meteoric
precipitation into the outflow channel of K4 Well. Unfortunately, the caldera is in a
wildlife preserve, and climate data have not been systematically collected. However,
climate data are available for Petropavlovsk, which is located approximately 200 km
south of the caldera and near sea-level (Table 1). The caldera floor ranges in
elevation, but is approximately 500 m above sea-level.
Table 1: Climate data for Petropavlovsk, from the official Petropavlovsk weather
page www.gismeteo.ru/weather/towns/32540 , Weather Underground, and NASA
insolation calculator.

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Temperature
(°C)
-4.5 to -8.4
-5 to -11
-2 to -10
-5 to 1
2 to 8
6 to 15
10 to 20
12 to 20
8 to 15
0to7
-4 to 0
-4 to -9

Precipitation
(mm)
80.6
70.2
62.1
50.8
66.8
64.6
81.6
97.5
101.5
139.2
95.1
86.2

Insolation
(W/m2)
79
144
244
353
440
479
457
381
278
174
95
63

Daylight
(hours)
8
9
11
14
16
17
16.5
14.5
12.5
10.5
7.5
7.5

A linear reservoir (or "box") model was developed for the purpose of exploring
seasonal cycles in the chemistry of the pool in which the laminar facies forms. The
pool is assumed to be well mixed on time scales relevant to the chemical processes of
interest. Inputs to the pool are water from the vent and meteoric precipitation of fresh
water. Losses from the pool are evaporation of fresh water and outflow from the pool.
Inflow and outflow are assumed to balance so that changes in pool concentration, and
thus silica deposition, are driven by seasonal variations in freshwater precipitation and
evaporation. In this context, the suite of volumetric flow rates can be thought of as a
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suite of overturning rates for the pool. Thus configured, the model allows the possible
role of climate at the hot spring site to be investigated.
Evaporation from the pool was calculated using the Priestley-Taylor model
(Marsh and Bigras, 1988; Priestley and Taylor, 1972). This model has been
successfully applied to northern lakes, wetlands, and forests (Marsh and Bigras, 1988).
Evaporation (E), which is a function of the heat of insolation (Q*) and the heat loss
from the ground (Qg), was approximated here from the pool temperature. Evaporation
was calculated using the Priestley/Taylor model (Equation 1), where a is the
experimentally determined relationship between theoretical equilibrium and actual
evaporation, s = slope of the saturated vapor curve for water over the surface pressures
and temperatures of interest, y is the psychromefric constant, Ly is the latent heat of
vaporization for water, and p is the density of water.

)
LVP

(1)

The psychrometric constant (y), which is the ratio between the specific heat
(Cp) of moist air and the latent heat of vaporization (Lv), Equation 2, varies slightly
with pressure, but can be approximated as 0.38 grams of water per kilogram of air.

The heat flux from the ground (Qg) was determined from the water pool
temperature (T) and the thermal conductivity (K), Equation 3, as per Marsh and Bigras
(1988).
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Qg = -K T

(3)

Solar radiation, Q*, is determined from insolation values calculated using a NASA
program for determining insolation from the latitude and year.
The other factors of the Priestley-Taylor equation for evaporation are the latent
heat of water, the density of water, and an experimentally determined constant to
correct for non-equilibrium evaporation. The latent heat of vaporization for water
(Lv) is 569 cal/g at 50°C. The density of water (p) and the ground heat flux (Qg) are
temperature dependent, and were calculated for pool temperatures of 40 and 50°C
(Table 2). The experimentally measured constant for the ratio between the theoretical
equilibrium evaporation and actual evaporation (a) is 1.26 (Priestley and Taylor,
1972).

Table 2: Water density, p, and the ground heat flux (Qg) are temperature dependent.
Pool Temperature (°C)
40
50

Deusity (g/cm3)
0.99222
0.98803

O (W/m2)
197.19
206.72

The concentration of silica in the pool at this facies was predicted as an
average daily value for each month of the year (Table 3). The evaporation from the
pool surface was calculated for a pool temperature of 40°C to examine how cooling of
the pool would impact evaporation in winter. The evaporative loss was calculated for
the entire season (Table 3). Note that evaporation rates would usually be presented as
negative numbers by convention (Appendix E).
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Table 3: Average predicted daily evaporative water loss from die pool, mL/cm2.

January
February
March
April
May
June
July
August
September
October
November
December

Pool 50®C
99.35
121.95
156.72
194.62
224.87
238.43
230.78
204.35
168.54
132.38
104.91
93.78

Pool 40°C
96.03
118.63
153.40
191.30
221.55
235.11
227.46
201.04
165.22
129.06
101.60
90.47

The concentration factor for the pool was determined as an average daily value
for each month. Determination of the concentration factor was based on the
assumption that the area of interest, the 10 cm x 10 cm square for which silica
deposition was determined, could be treated as a beaker that refills with a certain
volume of vent fluid, loses a determined amount of water to daily evaporation, and
gains a certain amount of water as precipitation. The average daily concentration
factor was calculated for each month, assuming a constant pool temperature of 50°C
and variable initial conditions (vent silica concentration and flow rates).
The final concentration in the pool was determined as a function of the inflow,
the meteoric precipitation and the evaporative water loss.
=

L = ------------------------------

H 2Of

(4)

Flow + (Rain + snow) - evaporation

Concentration factors were determined for flow from 1-3 L/min at the well
head, 10-50% diversion of flow from the outflow channel into the pool over the
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laminar facies, and ranges of vent effluent silica concentrations of 100-200 ppm
(Table 4, Appendix E).

Table 4: Average daily concentration factors for each month for three different flow
regimes.
Concentration Factors for non-Dry
Vent
Flow:
Diversion

2.0l/m in :
50%

2.5L/min:
50%

3.0l/min:
50%

J

1.3

1.3

1.2

F

1.6

1.4

1.3

M

2.1

1.7

1.5

A

3.2

2.2

1.9

M

5.0

2.8

2.1

J

6.4

3.1

2.3

J

4.7

2.7

2.1

A

2.9

2.1

1.8

S

2.0

1.7

1.5

O

1.5

1.4

1.3

N

1.4

1.3

1.2

D

1.3

1.2

1.2

The concentration factors were used to determine an average seasonal silica
concentration in the pool (Table 5). The initial silica concentration was taken as
between 100 and 200 ppm, based on the range of Hach kit field measurements.
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Table 5: Average seasonal silica concentrations (PPM) for several flow regimes.
200 ppm
vent

100 ppm
Vent

J

2.0L: 50%
134.7

2.5L:50%
126.0

3L: 50%
120.8

2.0L:
50%
269.4

2.5L:50%
252.0

3L: 50%
241.6

F

158.5

141.9

132.7

316.9

283.8

265.4

M

212.5

173.6

154.7

425.0

347.2

309.4

A

323.1

223.7

185.5

646.2

447.3

371.1

M

496.7

277.4

214.3

993.4

554.8

428.5

J

642.2

308.7

229.2

1284.4

617.4

458.4

J

466.3

269.5

210.3

932.5

539.1

420.6

A

290.8

210.7

178.0

581.6

421.4

355.9

S

202.5

168.2

151.1

405.1

336.3

302.1

0

153.9

139.0

130.5

307.8

277.9

261.0

N

135.6

126.6

121.3

271.3

253.3

242.5

D

129.9

122.6

118.2

259.8

245.2

236.3

The predicted silica concentrations were highest in the summer months, peaking in
June, and lowest in the winter months, with the lowest values in December.
Monomeric Silica Deposition
Silica deposition occurs in many hydrothermal systems due to evaporation and
cooling. Primary precipitation in surface waters consists of opal-A, despite the lower
solubility of quartz, because although quartz is the thermodynamically favored phase,
kinetics favor the precipitation of the disordered opal-A phase (Rimstidt and Barnes,
1980). The precipitation rate of amorphous silica is a function of several factors: (1)
the rate varies exponentially with temperature from 0-300°C, (2) pH has little effect on
the rate at slightly acidic or neutral pH, (3) pressure has little impact on the rate from
0-500 bars, (4) the rate is proportional to the 1-Q/K ratio (activity product and
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equilibrium constant), (5) the rate is affected by the presence of salts in the system,
which reduce silica solubility, and (6) the rate is dependent on the extent of the
system, in terms of water mass and rock surface area (Rimstidt and Barnes, 1980).
The precipitation rates of amorphous silica were calculated for the laminar
facies at K4 Well, utilizing the equations presented by Rimstidt and Barnes (1980) as
applied to hot springs by Hinman and Lindstrom (1996). The rate of amorphous silica
deposition (R) is a function of the adjusted rate constant ( b ) and the silica solubility
(S).

dt
The solubility of silica is a function of the silicic acid concentration (FLiSiC^)
and the solubility constant (K), which has been experimentally determined for
amorphous silica, is a function of temperature (T) (Rimstidt and Barnes, 1980).
,«>

K
log K

= 0.3380 - 7.889xl0~4 -

(7)

For example, amorphous silica solubility is 116 ppm at 25°C and 372 ppm at 100°C
(Langmuir, 1997). The adjusted rate constant (£+’’) was generated by adjusting the
experimentally determined forward rate constant (b ) for the influence of surface area,
the amount of water, and the activity of silica in the system. The forward rate constant
is a function of temperature (Rimstidt and Barnes, 1980).
log k+ = -0.369 - 7890x1 O'4T -

3438

(8)
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The forward rate constant was adjusted for the activity of silicic acid
(ylLSiC^), the surface area of the solid silica phase in the system (A), the mass of
water interacting with that surface area (M), and the concentration of silica and water,
which was assumed to be 1. The activity of silicic acid was taken as 1, which is a
reasonable assumption for dilute solutions, though as evaporative concentration
proceeds and the concentrations of other ions, such as Na+ and Cl- increase this
assumption will become increasingly inaccurate.

k\~(AIM )rHlSo.{SiOS,H20}K

(9)

kl = (A ! U )\S i0 2\\H ,0 \k\

(10)

The concentration of ions in seawater affect silicic acidactivity such that silica
solubility is lowered by 14% (Langmuir, 1997). The extent of theidealized system
(A/M) was based upon the pool of the laminar sinter lithofacies where the water is
approximately 1 cm deep, of which a 10 cm x 10 cm area was used to calculate
precipitation rates. Though the water temperature is 50°C, temperatures from 5-75°C
were used in the model calculations so the results could be applied to a broader
temperature range of sinter lithofacies. To convert precipitation rates in
molecules/day to a layer thickness, the diameter of an opal-A molecule was assumed
to be the diameter of a hydrated silica tetrahedron (~0.5 nm diameter) for monomeric
silica, and a diameter of 500 nm was assumed for colloidal silica based upon measured
diameters of colloids in the sample. Silica concentration ranges from 100-600 ppm
were used to determine precipitation rates, based upon the range of silica
concentrations found in natural waters (Langmuir, 1997).
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The rate of silica precipitation was determined in microns/year, using the size
of the hydrated silica molecule to calculate layer thickness from the number of
molecules that deposit within the 10 cm x 10 cm square per month. The deposition of
monomeric silica, in microns/year, was determined as a function of silica
concentration and temperature by solving equations 5-10 for a series of temperatures
and concentrations, and converting predicted rates to thickness using the above stated
assumption of 0.5 nm for the size of a molecule (Appendix C). These potential
deposition thicknesses of monomeric silica deposition were plotted as a contour plot,
showing thickness of deposition as a function of temperature and silica concentration
(Figure 4). Monomeric silica deposition occurs in a narrow field of temperatures and
concentrations that generates moderate supersaturation.
70 °C - (ini
0-1
1-2

2-3
3-4
4-5
TEMP

5-6
6-7

250 ppm

350 ppm

450 ppm

Figure 4: Plot shows deposition o f monomeric silica in pm as a function o f temperature (°C) and silica
concentration (ppm). Monomeric silica deposition occurs in a small field o f moderate super-saturation.
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Colloid Formation
Silica in supersaturated solution polymerizes and these polymers grow through
Ostwald ripening. Over time, a supersaturated solution will develop into a bimodal
distribution of monomers and colloids of a uniform size. These colloids are generally
between 5 nm and 1 mm in diameter (Williams and Crerar, 1985). Geothermal water
from power plants that is silica supersaturated can be held for 10-30 minutes, and in
this time the silica will polymerize to colloids, which can reduce silica scaling issues
(Gunnarsson and Amorsson, 2005). The occurrence of colloids is a function of the
temperature and initial silica concentration. The ratio of colloidal silica to monomeric
silica is a function of the degree of silica super-saturation in the system (Gunnarsson
and Amorsson, 2005).
The data from several experiments performed by Gunnarsson and Amorsson
(2005) were applied to generate a set of functions for predicting colloid/monomer
ratios as a function of saturation (S). The data and extrapolation areas are shown in
(Figure 5).
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100% !

90%
80%
70%60%
50%40%
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20%
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0%

1.5

2.5

3.5

Figure 5: Percent colloidal silica in solution as a function o f saturation. Solid line and diamonds
represent data from Gunnarsson and Amorsson (2005), dotted lines are extrapolation o f the curve to
higher and lower values o f S.

This data was used to generate equations to predict the formation of colloids in
solution. Colloids form at the expense of monomeric silica, so the formation of
colloidal silica was subtracted from monomeric silica deposition.

Table 6: Equations for colloidal silica formation as a function of silica saturation
adapted from Gunnarsson and Amorsson, 2005.
Saturation
S < 1
1.1 < S < 1.3
1.3 < S < 1.5
S > 1.5

% Colloid Formation
0%
3%
12S + 35.51
155S - 206

The accumulation o f colloidal silica was calculated as a maximum rate based

on colloid formation and assuming deposition of those colloids. The accumulation of
colloidal silica was converted to a thickness utilizing the measured diameter (500 nm)
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of colloids deposited in the sinter, with no correction for the nature of packing of the
colloids during deposition. The actual rate of silica accumulation as colloids should
be lower than predicted by this model, as the negative surface charge on silica colloid
surfaces leads to stability in solution (Langmuir, 1997).
The maximum thickness of colloidal silica accumulation was determined for a
range of temperatures and silica concentrations utilizing the equations generated from
the Gunnarsson and Amorsson (2005) data and extrapolation (Appendix C). The
colloidal silica deposition is plotted as a function of temperature and silica
concentration (Figure 6).

70°C

nm
0-100
100-200

50°C
Temp

200-300
300-400
500-600
600-700
700-800

30°C

10°C

250 ppm

350 ppm

450 ppm

550 ppm

Figure 6: Colloidal silica deposition as a function o f temperature (°C) and silica concentration (ppm).
Deposition o f colloidal silica dominates when there is a higher degree o f supersaturation.

Colloid formation was greatest at moderate temperatures and high concentrations of
silica. The high temperatures experience less colloid formation as the solubility of
silica is greater, and therefore the degree of supersaturation is decreased.
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The flow volume from the well head was estimated to be approximately 2
L/min based upon the rate that fluid was collected into liter sample bags during the
2004 field season. To compensate for variations in flow and lack of precise flow
measurements, a series of calculations were made for a range of flow volumes of 1 -3
L/min. The main flow channel turns sharply, and a significant portion of the flow is
diverted into the shallow pool overlying the laminar lithofacies. This pool has an
average temperature of 50°C (Figure 3). This volume was estimated between 10-50%
of the total outflow channel volume (Table 7).
The modeled evaporative concentration of silica in the pool can be combined
with the predicted behavior of silica to generate predicted levels of monomeric and
colloidal silica deposition for each month. Two examples are given, one with a vent
concentration o f200 ppm, and flow from the well head of 3 L, and another with a vent
concentration of 150 ppm silica, and a flow of 2.5 L from the well head (Table 7).
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Table 7: Predicted deposition o f silica for the 50°C facies.
V en t Silica
ppm : Flow

200 ppm 3 L
Type of
Microns
Silica
Silica

150 ppm 2.5L
Microns
Type of
Silica
Silica

J

none

F

0.008417

monomeric

none

M

0.016833

monomeric

none

A

0.119042

monomeric

0.067938

monomeric

M

6.06625

colloidal

6.06625

colloidal

J

10.69417

colloidal

5.347083

colloidal

J

6.06625

colloidal

1.438333

colloidal

A

0.119042

monomeric

0.135875

monomeric

S

0.016833

monomeric

none

0

none

none

N

none

none

D

none

none

none

The two regimes presented in Table 7 are representative of the general trends
that the model predicts for silica deposition. These trends are little or no deposition in
winter, colloidal silica formation in summer, and monomeric silica deposition in
spring and fall. While several other flow/concentrations regimes were included in the
model range, they are not presented, as they predict complete drying of the pool in
summer (which was not observed), or they do not predict the deposition of silica.

Discussion
An interpretation of the stromatolite structures - supported by the model
developed in this study - is as follows; (1) laminae that consist of a very porous
assembly of silicified filaments coated with colloids appeared to form in the summer
months, and (2) laminae with very few silicified filaments and a massive appearance,
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presumably due to the deposition of monomeric silica, formed in die spring and fall
months.
The model predicts that deposition of colloidal silica is more likely to occur in
the summer months, while deposition of monomeric silica is more likely to occur in
the fall and spring months. This fits well with the observation that colloids are
associated with cyanobacterial casts, as seasonal variation in insolation should lead to
greater cyanobacterial growth in the summer. The model was applied to several
regimes to bracket the conditions observed in the field, and very high-flow or lowsilica initial conditions predict no deposition of silica, while low-flow high-silica
initial conditions predict complete drying of the pool or huge accumulations of
colloidal silica. The majority of flow and vent silica regimes that were modeled
predicted some amount of colloidal silica deposition in the summer months, and
monomeric silica deposition in the spring and fall.
The predicted deposition of colloidal silica represents a maximum value for the
thickness of the summer layer, as the bulk of die colloids should stay in solution.
However, the presence of abundant microfossil casts and high porosity increases the
apparent thickness of the summer layers. The measured layer thickness in the sinter
was 1.5 pm for the blocky (monomeric) layers, and 7.5 pm for the colloidal layers. Of
the many regimes modeled, few approached the thickness of monomeric silica
observed in the natural sample. This disparity in the monomeric thickness indicates
that conditions for monomeric silica deposition are present for a longer time than the
model predicts, or that another factor is increasing monomeric silica deposition
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beyond what is predicted based upon silica geochemistry. It is interesting to note that
if the pool temperature drops to 40°C in the winter, the model predicts an increased
amount of monomeric silica deposition for the same concentration; however, if pool
temperature drops more than this, monomeric silica would no longer deposit, as a
higher degree of supersaturation would lead to colloidal silica formation.
While the model predicts the formation of colloidal silica due to evaporative
concentration during the summer, it does not explain why colloidal silica accumulates
in the sinter. Theoretically, it is expected that colloidal silica should remain suspended
in solution. It is worth noting that the colloid formation model developed here was
based upon experiments that were performed as a potential remedy for silica scaling,
the idea being that holding the geothermal fluids until colloids form will prevent the
precipitation of silica in the pipes as water is pumped back into the ground
(Gunnarsson and Amorsson, 2005). The possibility that colloidal silica deposition is
related to the presence of organisms during the summer growth season could have
important implications for recognizing the biogenicity of sinter fabrics.

Implications
At most temperatures in hot spring outflow channels there is some biogenic
contribution to the development of the sinter fabric. The laminar sinter lithofacies in
the outflow channel of K4 Well consists of alternating layers of opal-A in the form of
colloidal deposits and filament remains, and massive opal-A (Figure 7).
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Figure 7: SEM of modem laminated sinter from K4 Well, composed of opal-A.

The rock record indicates that the fabric of the sinter will be preserved, but as
recrystallization occurs, morphological microfossils will be lost (Campbell et al.,
2001; Lowe, 1994; Walter et al., 1996). The formation of opal-CT lepispheres appears
to initiate in the more porous layers, which presumably correlate to layers in the
modem sample of microfossils and colloidal silica, while the massive silica resists
recrystallization. A recent sinter from Yellowstone National Park, consisting of opalA and opal-CT, demonstrates the formation of opal-CT occurring predominately in the
porous lamina based upon limited birefringence within lamina (Figure 8).
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Figure 8: SEM image of recent sinter consisting o f opal-A (blocky) and opal-CT (lepispheres).

The preferential recrystallization of the highly porous lamina appears to lead to
alternating layers of very fine microcrystalline quartz and larger quartz crystals in
sinter that has fully altered to quartz (Figure 9).

Figure 9: Top SEM micrograph o f blocky and larger quartz crystals. Bottom: Cross-polarized light o f
thin section demonstrating variations in crystal size between layers.

The implication of the seasonal deposition of laminar silica, specifically the
very porous nature of the colloidal/niicrofossil summer layers, is that while
microfossils are destroyed during recrystallization, the lamina are preserved as
alternating layers of large and small quartz crystals. These patterns in the rock record
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suggest that the laminations generated by the seasonal growth cycles of cyanobacteria
on the depositional surface are preserved as evidence of phototrophic growth even
when the microfossil evidence has been lost due to diagenetic alteration.
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VI. FACIES DESCRIPTION OF AN EARLY DIAGENETIC SINTER,
ARTIST POINT, YELLOWSTONE NATIONAL PARK, USA

Abstract
A preserved hot spring system located at Artist Point in Yellowstone National
Park has been estimated to range in age from 130,000 to 600,000years old. The
primary opaline silica deposit now consists o f quartz due to diagenetic alteration.
Several sinter fabrics preserved in this deposit include vent material, columnar
geyserites, and laminar sinter. This geologically young deposit provided an
opportunity to assess how diagenetic transformation o f silica altered the biofabrics o f
the siliceous sinter, which appeared in the field to be an analogous deposit o f a
modern silica-depositing terrestrial hot spring system. The preservation o f biofabrics
after recrystallization and secondary cementation was presumed to be related to the
different growth patterns o f quartz. The original fabric appears to have influenced the
growth o f the secondary silica phase such that the mostfundamental characteristic o f
the sinter fabric, the lamination, was preserved while microfossils and other small
scale features are obliterated by recrystallization.

Introduction
The Artist Point sinter, a geologically young, diagenetically altered sinter from
Yellowstone National Park, occurs within the boundary of the caidera forming
eruption that generated a tuff age-dated at 600,000 years (Richmond, 1976). The
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inclusion of sinter material in the unit “alluvial sediments of Inspiration Point” has
been interpreted to indicate that the sinter is older than the Bull Lake Interglacial,
which places their age at at least 130,000 years (Hinman and Walter, 2005).
The alluvial sediments located along the road that leads to the Artist Point
lookout consist of altered rhyolite, lacustrine sediments, volcaniclastics, and pieces of
siliceous sinter. The siliceous sinter lithofacies include: (1) mound armor, (2)
stratiform geyserites, (3) streamer fabric, (4) stratiform stromatolite, (5) columnar
stromatolite, and (6) spicular geyserites (Hinman and Walter, 2005). The original
spatial relationships between die lithofacies did not seem to be preserved in the
material exposed by the road-cut.

Results
In this study, field mapping of a large region encompassing the road to Artist
Point revealed three potential sinter mounds preserved in place southwest of Artist
Point (Figure 1).
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Figure 1: Aerial image o f Artist Point on the Grand Canyon o f the Yellowstone River (Google Earth).
Sinter mounds are located south o f the road to the Artist Point lookout.

The three mounds of interest are in close proximity to each other, and the
amount of sinter float in the sediment decreases with distance from the mounds. On
the western side, the mound area drops into a low area with thicker growth and soil
and limited sinter material. On the eastern side, the material grades into brecciated
sinter material and altered volcanic material. On the north side of the road, most of
the material consists of altered volcaniclastic material. A thorough traverse of the
surrounding area revealed that sinter material was strongly concentrated around the
three mounds (Figure 2).
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Figure 2: The main mound area is comprised o f three areas that appear to consist exclusively o f sinter,
labeled on map as “Front”, “High” and “Back” mounds.

The surface of the mounds is grassy or rocky, and the rock at the surface is
highly weathered. The material exposed on these mounds looks like recrystallized
sinter, and several root pulls from fallen trees on the mounds reveal pieces of sinter
material (Figure 3). The material is highly fractured by tree roots, but many pieces of
the same lithofacies occur together at each exposure, which supports the interpretation
of the region being underlain by a fractured, though relatively undisrupted, sinter
deposit.
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Figure 3: Top: High mound surface with highly weathered material and plant cover. Bottom: Tree falls
in several areas have dislodged fresh material.

Several facies are preserved within the main mound area, including vent
material, columnar sinter, laminar sinter, and streamer fabrics. The eastern edge of the
main mound area exposes an outcrop of laminar sinter that grades into brecciated
material. XRD analysis of the sinter indicated that each of the lithofacies has been
altered to quartz, with no remaining opal-A or opal-CT (for XRD spectra see
Appendix F).
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Vent Facies
The best exposure of this facies was found in large blocks exposed by a tree
pull at the center of “front” mound. The material consists of massive pieces of sinter
with large, concentric bulbous nodules (Figure 4). The sinter at this facies is very
dense and has been broken into large (~0.5 x 0.5 x 50 cm3) blocks. These blocks
consist of large and small nodules. Broken nodules revealed faint concentric
laminations.

Plan View

10 cm

Nodule CrossSection

Figure 4: Sketch o f a plan view o f the vent material, which is made up o f large nodules and a crosssection sketch through a nodule illustrating the concentric laminae.

Thin section analysis revealed many small pores within the dense matrix of
this facies. The matrix consists of interlocking fine grain quartz crystals, interspersed
with areas of elaborate patterns generated by bands of larger quartz crystals that rim
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the pore spaces (Figure 5). The surfaces between laminae, which resemble a
weathering rind in appearance, appear in SEM micrographs as the points of numerous
microcrystalline quartz crystals (Figure 6).

Figure 5: Tpp: Thin section o f the vent facies at 25x in plane polarized light. Bottom: lOOx cross
polarized light illustrating larger quartz crystals around the interior rim o f the pore seen at top.
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Figure 6: SEM micrograph o f a laminae surface o f the vent facies.

The vent facies appears to have begun as fairly massive sinter material with limited
room for growth of secondary quartz crystals except along laminae surfaces and in the
small pores found in this facies.
Columnar Facies
The columnar facies occurs extensively on the surface of “back mound.”
There is some variation in the size of the columns, ranging from a few millimeters to a
centimeter in diameter. The general morphology of this facies consists of vertical
stacks of columns. The column diameter varies among samples, but there is little
variation within an individual sample and columns in older layers appear to be similar
in diameter to the youngest columns on the top surface of the sinter blocks (Figure 7).
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Figure 7: Sketch o f a sample o f the columnar facies, showing the different column morphologies in
plan view and the regularly stacked layers o f columns.

The columns are defined in thin section by the preferred orientation of the
quartz crystals, which represent interlocked crystals of indeterminate shape both
within and outside the column, but that have grown in distinctive elongated shapes
along the column boundary with the layer above (Figure 8). SEM analysis of the
columnar facies also revealed a distinctive growth pattern of quartz crystals around the
edges of the laminae. Crenulations within the fabric of the lamina boundaries show
well-developed quartz crystals on either side of a massive, layered boundary (Figure
9).
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Figure 8: Top: 200x plane polarized OLM micrograph that illustrates the laminae that separate a column
from the layer above. Bottom: The cross-polarized light image reveals a distinctive growth pattern o f
elongated crystals along the laminae.
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Figure 9: Top: SEM micrograph showing cremilations in the fabric along a column boundary. Bottom:
These crenulations are defined by bands o f massive quartz (M), with well-defined quartz crystals on
either side.

The column morphologies are preserved even in lower layers of the sinter due to the
massive deposition in the laminae around each column, which seems to be resistant to
recrystallization, presumably due to the low porosity of the original sinter lamination.
Laminar Facies
Abundant laminar sinter is exposed in a low outcrop just east of front mound.
This outcrop represents die boundary between what appears to be undisturbed sinter
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and the sinter breccias found to the east. The laminar sinter breaks smoothly along the
laminae to generate long, thin rectangles of sinter (Figure 10). The laminae are
cemented to such a degree that the sinter appears almost massive, with few clearly
defined laminae at the hand-sample scale.

Plan
View

2^m
Cross-Section
View
Figure 10: Sketch o f a laminar sinter sample with a smooth, featureless top (and bottom) surface and
thick, continuous laminae.

Thin sections of the laminar sinter revealed very low porosity, although in
some areas elongate open spaces were found between laminae. The matrix consists of
very fine interlocked microcrystalline quartz. Larger crystals occur as growths that fill
elongate pore spaces between laminae, and it is this difference in crystal size that
delineates the laminae (Figure 11).
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Figure 11: Top: Laminar sinter in plane light. Bottom: Laminar sinter in cross-polarized light, which
illustrates that the layers, barely visible in plane light, are delineated by variance in crystal size, which
is clearly visible in cross-polarized light.

There are few well-developed quartz crystal morphologies in this facies. An
SEM examination of a cross-section through the bulk of the sample revealed massive
quartz even across the barely visible lamina boundaries. The surface of the sample,
which appears plain and smooth to the eye, consists of the comers of numerous
protruding quartz crystals (Figure 12).
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Figure 12: Top: Surface o f a laminae with well-developed crystals. Bottom: Cross-section showing the
boundary between lamina (arrow).

The laminar facies appears to have been highly cemented, but there is some
evidence in the distribution of crystal sizes to indicate that some lamina were initially
more porous in nature than others. This would explain why some laminae have very
fine quartz crystals, as low porosity would limit the growth of the crystals, while other
laminae had higher porosity, which allowed for the growth of larger crystals.
Brecciated Material
In the area on the eastern edge of the main mound area are pieces of sinter,
altered volcanic rocks, and rocks that consist of angular sinter fragments embedded in
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a matrix. Analysis of this breccia material indicates that it consists of quartz (Figure
13). Hand samples of the breccia reveal randomly oriented rectangles of laminar
sinter embedded in a darker matrix (Figure 14).
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Figure 13: XRD spectra for the breccia material with quartz reference pattern. Intensity versus degrees
20. Cobalt K a incident beam X = 1.7902 A.
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Figure 14: Sketch o f a sample o f the breccia material illustrating the randomly oriented chunks o f
laminar sinter in a matrix.

Thin section analysis revealed that the matrix lacks birefringence. The XRD
spectra for this sample did not contain any evidence that the matrix was clay, iron
oxides, opal-A, or opal-CT. The pieces of sinter are randomly oriented and appear to
have been disrupted and well-mixed. Quartz crystal sizes and shapes in sinter chunks
vary in a given area of the sample (Figure 15).
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Figure 15: Top: Plane light at lOOx illustrates large, rectangular pieces o f lighter sinter material in a
darker matrix. Bottom: Cross-polarized light at lOOx indicates that pieces were not broken in place
(same scale).

The brecciated material generates concern that the entire deposit has been
disrupted and that the mounds do not represent the original sinter mounds. The
breccia could represent the material generated in a hydrothermal explosion event, or in
a mudslide or lahar that interacted with the hot spring system.
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Discussion
The Artist Point silica sinters offer an early diagenetic analog to modem hot
spring silica sinter. Similar facies were identified in both the Artist Point deposits and
those found around modem Yellowstone hot springs (e.g., Hinman and Walter, 2005,
Cady and Farmer, 1996). The recrystallization of the sinter to microcrystalline quartz
allowed for the study of the ways in which the sinter fabrics were preserved, with
porosity apparently controlling recrystallization. The recrystallization has removed
fine scale features, such as microfossils, from the sinter found in this deposit. The
discovery of the recent Artist Point sinter deposit begs answers to questions such as
“Were these sinters deposited in the presence of microorganisms?” and “Does any part
of this deposit represent the primary, undisrupted sinter deposition?”
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VII. ANALYSIS OF SINTER AND STROMATOLITE FABRICS:
GRAPHICAL DESCRIPTION, COMPRESSIBILITY, AND
FRACTAL DIMENSION ANALYSIS
Abstract
Stromatolites may represent a store o f information with regard to the activities
o f some o f the oldest microbial communities on this planet. There is some difficulty,
however, in determining their biogenicity. Mathematical analyses, such as fractal
dimension and compressibility, provide a toolfo r statistical comparison between
stromatolitic structures. In this study, the fractal dimension o f random samples o f
sedimentary rock cross-sections and random samples o f stromatolite cross-sections
were found not to be statistically different. However, the fractal dimension o f
columnar stromatolites was found to be significantly differentfrom that o f other
stromatolite morphologies. Diagenetic alteration did not appear to alter the fractal
dimension, as no significant difference was found in fractal dimension between
modem laminar sinter and diagenetically altered laminar sinter. Therefore, if
laminations can be correlated to a biogenic contribution in the initialfabric, the
fractal dimension o f a diagenetically altered sample will reflect that biogenic
contribution.

Introduction
Recent studies have cast doubt upon the biogenicity of many ancient
stromatolites (Grotzinger and Rothman, 1996; Lowe, 1994). The loss of microbial
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fossils during diagenesis is a common problem in the study of stromatolites (e.g.,
Cady et al 2003; Lowe, 1994). The absence of microfossils and characteristics, such
as very smooth laminae even over curvature (Barberton), post-depositional
deformation (North Pole), and the appearance of stromatolites only in evaporite layers
(Strelley Pool Chert), support the possibility of abiotic explanations for the formation
of several ancient stromatolite structures (Lowe, 1994).
Fractal dimension was used by Grotzinger and Rothman (1996) to characterize
a 1.9 Ga “peak shaped” (presumably coniform) stromatolite from Cowles Lake and an
abiogenically modeled stromatolite. The similarity in fractal dimension of the
modeled and actual stromatolite was cited as further evidence that biology may play a
limited role in stromatolite formation (Grotzinger and Rothman, 1996). However, the
Kadar-Parisi-Zhang (KPZ) equation used to model the growth of the “abiogenic
stromatolite” in that particular study has since been found to represent only a few
stromatolite morphologies (Batchelor et al., 2003). Biogenic sedimentary structures
are a potentially huge biosignature repository. If we can increase our understanding of
the role and degree of influence that microorganisms have during the deposition of
stromatolites, this will be useful information when assessing the biogenicity of a
stromatolite.
The comparison and analysis of stromatolites is facilitated by graphical
description as opposed to a Linnaean naming system (Hofmann, 1969). The graphical
description of stromatolites has become an important tool for their recognition
(regardless of their biogenicity) as the biogenicity of stromatolites has come into
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question (Grotzinger and Rothman, 1996; Lowe, 1994). Hofmann (1969) established
a detailed list of the attributes that should be used to describe a stromatolite. These
attributes include: (1) a description of the fabric, (2) the curvature of the laminae, (3)
the profile of the laminae, (4) the linkages and spacing between laminae, (5) the
degree of inheritance in vertical layers, (6) branching patterns, and many other
characteristics of the deposit, overall stromatolite, and individual laminae.
An alternative graphical description proposed more recently (Hofmann, 1994)
includes: (1) a profile of the laminae, (2) a plan outline of the laminae, (3) a silhouette
oriented in the plane of growth, and (4) the microstructure of the laminae. Each of
these images is presented with corresponding measurements of areas, angles, and
orientation to give a complete geometric description of the stromatolite. The graphical
description should also be paired to geographic and geologic setting and age of the
stromatolite (Hofmann, 1994).
Fractal dimension analysis has been used as a tool for comparing stromatolites
(Grotzinger and Rothman, 1996). Many natural objects behave as fractals over a
range of spatial scales (West, 1999). Fractal dimension has been used, for example,
to analyze the development of root systems (Eshel, 1998), leaf surface topography
(Mechaber et al., 1996), the development of brown algae (Corbit and Garbary, 1995),
and the development of drainage networks (Raff et al., 2004). The fractal nature of
objects is well illustrated by the top down profile of a coastline. From space, the
coastline would have a particular length that we could measure on a satellite image.
As one magnifies the coastline, more detail becomes apparent, which in turn generates
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a greater value in the length of the coastline (Davis, 2002). The fractal dimension, or
D number, is related to how much larger the feature becomes as the object is
magnified. The D number can be thought of as being intermediate between
dimensions. For example, a D number of 1 would be a line without fractal
complexity, but if the line becomes longer (has crenulations like a coastline) as the
image is magnified, it begins to fill an area and approaches becoming a twodimensional object. It therefore will have a fractal dimension between 1 and 2
dimensions (Davis, 2002).
Compressibility, the ratio between original image size and the image size after
lossless compression, has been proposed as a measure of biogenicity (Corsetti and
Storrie-Lombardi, 2003). Compressibility is the ratio between the image size (bytes)
after a lossless compression algorithm and the size of the original image. A simple
pattern or a pattern with extensive repetition would be highly compressible, while an
image that is chaotic or has a complex pattern with minimal repetition would not be as
compressible. The working hypothesis is that life introduces complexity into a
system, but that the patterns generated by life will have patterns, such that an
intermediate level of compressibility is expected (Corsetti and Storrie-Lombardi,
2003)
Methods
Modern sinter, recent sinter, and a variety of ancient stromatolites were
compared using Hofinann graphical analysis, fractal dimension, and compressibility.
Graphical analysis (Hofinann, 1973) was used to analyze thin sections at lx
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magnification. Fractal dimension was determined from images of thin sections at lx
m a g n ification

and from selected samples at higher magnification. Compressibility

was used to compare selected samples at higher magnification. The t-test between
sample means was used to compare fractal dimension and compressibility. The use of
the t-test requires the assumptions that the populations have a normal distribution, the
samples are randomly selected, and that the variance of the two groups is equal
(Davis, 2002). The t-test value between two means was then compared to the critical t
value for the two-tailed t-test at a significance level of 0.05, which depends on the
degrees of freedom (the number of samples in the first group plus the number of
samples in the second group minus two) (Davis, 2002).
Results
Fractal Dimension analysis for a set of 26 random images from a Google
image search for “stromatolite” and 16 random images from a Google search for
“sedimentary rock” demonstrated no significant difference in D number. A t-test
between sample means was applied and the result of that test (t) was compared to the
critical value of the two tailed t-test at a significance level of 0.05. There was no
significant difference between the mean D number for the stromatolites group as
compared to the mean D number for the sedimentary rocks (Table 1). The images
were selected based upon the criteria that they were; (1) an image of a cut face or thin
section, (2) at hand sample or full thin section scale, (3) not a repeat of a previous
image, and (4) all appropriate images from the first several pages of results were used.
The major flaw in this examination of whether stromatolites have a unique fractal
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dimension was in not having control over the conditions in which the images were
taken. Lighting, camera vs. microscope, and image resolution could all affect
apparent fractal dimensions (Images Appendix G).
Table 1: Fractal dimension summary for stromatolite and sedimentary rock images
collected from the web.
Sample Number
Average
Standard Deviation
T = 0.6064

Sedimentary Rocks
Stromatolites
26
16
1.6657
1.6459
0.1048
0.0997
T critical = 1.68

This first analysis indicated that fractal dimension was very similar for all
sedimentary rocks, which included objects identified as stromatolites, and that the
variation within the sample groups was relatively large. A more carefully selected
sample group, which contained only demonstrably biogenic stromatolites, might give
different results. The impact of image size for the original scanned image, the
compression of the image to a JPEG file format, and the impact on D number due to
image cropping, showed no significant difference in D number between images
(Figure 1).

Figure 1: Left: Original TDF image o f the scanned thin section o f a Gunflint Formation stromatolite
(GFF). Middle: The same image, converted to the JPEG (less data) file format. Right: Cropped image.
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The result of the t-test between means (T) is compared to T critical to determine if
there is a significant difference between the sample means using the two-tailed t-test at
a significance level of 0.05. There was no significant difference between the TIFF and
JPEG images or between the TIFF image and the cropped TIFF image (Table 2).

Table 2: Fractal dimensions for TIFF file format, JPEG file format, and cropped TIFF
im age.__________________
_ _ ______
TIFF
Cropped TIFF
JPEG
Sample Number
5
5
5
1.8154
Average
1.8123
1.8223
Standard Deviation
0.0043
0.0067
0.0114
TIFF Vs. JPEG T = 0.871
TIFF Vs. Cropped TIFF T =1.835
T Critical = 2.306

The results of this analysis offered some reassurance in the applicability of fractal
dimension analysis to the images from the web, as the TIFF and JPEG images differed
in size by an order of magnitude without affecting the fractal dimension.
Stromatolites are not true fractals and so the fractal dimension is affected by
the scale at which the image is taken. In order to examine the impact of scale on
fractal dimension thin sections from all K4 Well facies were imaged at 25x, lOOx, and
200x, with five different images taken of each sample, such that 35 images were taken
at each magnification. The fractal dimension was found to be significantly different
between the 25x and both lOOx and 200x, while there was not a significant difference
in fractal dimension between the lOOx and 200x magnifications. . T value is
determined using the t-test between sample means and compared to t-critical for the

two-tailed t-test at a significance level of 0.05. There was a significant difference
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among the sample means for 25x and lOOx, and also among 25x and 200x, but there
was no significant difference among the sample means for lOOx and 200x (Table 3).
Table 3: Fractal dimension at three magnifications of K4 Well thin sections
Sample Number
Average
Standard Deviation
2 5 xV 100xT = 3.854

25x
35
1.8157
0.0440
25x V 200x T = 5.067
T Critical = 1.668

lOOx
200x
35
35
1.7558
1.7578
0.0809
0.0515
100xV 200xT = 0.1228

Thin sections of sinter fabrics were analyzed at lx magnification for four
different types of fabric lithofacies: (1) laminar, (2) vent, (3) palisades, and (4)
columnar. Laminar fabric samples included modem laminar sinter from K4 Well
(Uzon Caldera, Kamchatka) and Yellowstone National Park, an Archean laminar
stromatolite, and laminar sinter from the Artist Point deposits of Yellowstone National
Park. Vent fabrics from K4 Well and an Artist Point sinter were also analyzed.
Palisades fabrics were analyzed in samples from K4 Well and lithified sinter samples
from Mickey Hot Springs. Columnar fabrics were analyzed in samples from Artist
Point, geologically recent sinter from Yellowstone National Park, the Gunflint
Formation (2.5 Ga), and Archean stromatolites from Australia. T test value is
compared to t-critical for the two-tailed t-test at a significance level of 0.05. There
was a significant difference among the columnar group as compared to the vent,
laminar, and palisades group. There was not a significant difference among the
palisades and laminar, the vent and laminar, or the vent and palisades groups (Table
4).
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Table 4: Fractal dimension of different stromatolite fabrics and statistical t-test.
Vent
10
Sample Number
Average
1.5117
Standard Dev
0.0785
Vent V. Palisades T = 0.460
T Critical = 1.706

Palisades
18
1.5408
0.1897

Laminar
Columnar
20
25
1.5499
1.6917
0.1560
0.1364
Vent V. Columnar T = 3.902
T Critical = 1.692

Vent v. Lam inar T = 0.725 T
Critical =1.701

Palisades V. Columnar T = 3.04
T critical = 1.683

Palisades V. Laminar T = 0.162
T Critical = 1.688

Laminar V. Columnar T = 3.253
T Critical = 1.681

The columnar fabric was found to be significantly different from that of all other
fabrics, though no significant difference was seen with any other pairing at lx
magnification. At higher magnification (pooled for 25x, lOOx, 200x), the vent fabric
fractal dimension was significantly different from that of the palisades fabric.
Several samples were analyzed by hand and using the ImageJ® fractal box
count tool for comparison. ImageJ® determines the fractal dimension on a binary
image by analyzing boxes from 2 to 64 pixels across and by looking for a black/white
boundary. Fractal box-counting by hand is effectively limited by eye-sight at a 2 mm
grid size, while ImageJ counts from 2 to 64 pixels. Given that stromatolites are not
true mathematical fractals the fractal dimension determined by hand-counting is over a
different scale and is not identical to that determined using ImageJ®.
The advantage of comparing automatic and manual measurement of the fractal
dimension was in the selection of what was counted. The manual counting included
each box over a scale of grids from 2-32 mm and, at each scale; the grids containing
the linear features that generate the overall pattern (columns, laminae, palisades) were
counted. T-test analysis between the sample means of each group for hand counting
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vs. ImageJ® revealed no significant differences among means at a significance level
of 0.05 (Table 5). The automatic measurement includes every light/dark boundary on
the image, while during the manual count only those boundaries that are part of the
larger pattern are counted. The issue is that if the image includes imperfections such
as air bubbles or desiccation cracks, the automatic method does not exclude those in
determining fractal dimension. There is variation in the fractal dimension determined
for each sample by ImageJ® versus hand counting, but there was not a significant
difference in the average fractal dimension for each group.
Table 5: Fractal dimension for several sinters/stromatolites as determined by ImageJ®
and “by hand”.
Sample Name
Columnar
Gunflint Formation 1 (GFF)
Gunflint Formation 2 (GFN)
Australian Bittersprings Formation
(ABN)
Artist Point YNP(AP)
Lower Geyser Valley YNP(LGV)
Average
Laminar
K4 Well
Artist Point YNP (AP)
Bittersprings formation (BSF)
Modem YNP (YNP)
Average
Vent
K4 Well
Artist Point (AP)
Average
Palisades
K4 Weill
K4Well2
Mickey Hot Springs (MHS)
Average

ImageJ D#

Hand Count D#

1.74
1.81
1.83
1.55
1.40
1.67

1.76
1.54
1.44
1.69
1.56
1.60

1.45
1.38
1.72
1.64
1.55

1.36
1.59
1.74
1.35
1.51

1.54
1.48
1.51

1.24
1.62
1.43

1.41
1.37
1.75
1.51

1.28
1.10
1.04
1.14

Compressibility
Compressibility was determined for a small set of samples from K4 Well and
the Artist Point sinter. Compressibility was not determined for the wider sample set
used in fractal dimension analysis as the small file size of the images increased
variance and decreased repeatability of compressibility analysis. The compressibility
fraction for all of the K4 Well images was grouped according to image magnification
to examine scale effects on compressibility. There was a significant difference
between 25x and lOOx magnification and between lOOx and 200x magnification, but
not between 25x and 200x magnification. T-test analysis indicated significant
differences between the mean compressibility at 25x and lOOx, and between lOOx and
200x at a significance level of 0.05 (Table 6). This indicates that care must be taken to
ensure uniform magnification among images used for compressibility analysis.
Table 6: Compressibility of sample images at three different scales.
Sample N
Average
Standard Deviation

25x
35
0.83942
0.07648
25x Vs. lOOx
25x Vs. 200x
lOOx Vs. 200x
T critical =

lOOx
35
0.78537
0.11663
T = 2.293
T = 0.292
T = 2.672
1.995

200x
35
0.84414
0.05768

Artist Point and K4 Well Facies Analysis
Artist Point facies analyzed included vent, columnar, laminar, and brecciated
fabric in the main mound area. K4 Well facies analyzed included vent, palisades, and
laminar fabric, with the granular fabric not considered as a “stromatolitic” fabric. The
fractal dimension and compressibility analysis of the facies at Artist Point indicated
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that fractal dimension was significantly different between the vent facies and the

laminar facies, and between the laminar and columnar facies at the 5% confidence
level. The compressibility was significantly different between the vent and laminar
facies, and between the vent and columnar facies, but not between the laminar and
columnar facies. The t-test results for fractal dimension (DT) and compressibility
(CT) are compared to the t-critical value. There was a significant difference in
compressibility among the vent and columnar and among the vent and laminar facies.
There was no significant difference in compressibility among the laminar and
columnar facies. There was a significant difference in D number among vent and
laminar facies and among columnar and laminar facies. There was no significant
difference in D number among vent and columnar facies (Table 7).
Table 7: The mean D number and compressibility were compared among three facies
from Artist Point using the two-tailed t-test at a significance level of 0.05.
D Number
Vent
A vg= 1.7377
St. Dev = 0.0269
N = 10
Columnar
A vg= 1.6197
N = 15
St. Dev = 0.1907
Laminar
A vg= 1.8099
N = 15
St. Dev = 0.0571
Vent Vs. Columnar D T = 1.931 CT = 4.136
Vent Vs. Laminar
DT = 3.713 CT = 5.550
Columnar Vs. Laminar DT = 3.701 CT = 0.439

Compressibility
Avg = 0.7306
St. Dev = 0.0335
Avg = 0.7980
St. Dev = 0.0270
Avg = 0.7980
St. Dev = 0.0270
T critical = 2.069
T critical = 2.069
T critical = 2.048

Analysis of facies of the K4 Well samples indicated few significant differences
between the lithofacies in fractal dimension or compressibility. The fractal dimension
was significantly different between the vent and the palisades facies, but not the vent
and laminar or palisades and laminar lithofacies. The compressibility was
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significantly different between the vent and palisades, but not between the vent and
laminar or palisades and laminar lithofacies. Mean fractal dimension and
compressibility were compared using the t-test between means. T-test results for
mean D number (DT) and mean compressibility (CT) were compared between the
vent, palisades, and laminar facies at a significance level of 0.05. There was a
significant difference in D number and compressibility among vent and palisades
facies. There was no significant difference for D number or compressibility among
vent and laminar or among palisades and laminar facies (Table 8).
Table 8: Fractal dimension and compressibility analysis of K4 Well sinters facies.
D Number
Compressibility
Vent
Avg =1.7284
Avg = 0.8567
St. Dev = 0.0295
St. Dev = 0.1346
N=15
Palisades
Avg = 1.8007
Avg = 0.7964
N = 45
St. Dev = 0.04868
St. Dev = 0.0843
Laminar
Avg = 0.8287
Avg = 1.7675
N = 15
St. Dev = 0.0986
St. Dev = 0.0961
Vent Vs. Palisades D T = 5.412 CT = 2.045 T critical = 2.002 Vent Vs. Laminar DT
= 1.472 CT = 0.753
T critical = 2.048
Palisades Vs. Laminar D T = 1.728 CT= 1.402 Tcritical = 2.002

The fractal dimension and compressibility of a lithofacies that occurs both in
the Artist Point and K4 Well sinters was compared to analyze the impact of diagenesis
on these parameters. Laminar sinter from Artist Point consists of microcrystalline
quartz, with lamina defined by differential distribution of quartz crystals of different
sizes. Laminar sinter from K4 Well is similar in appearance to the Artist Point sinter,
but the laminae are smaller and the total sinter thickness is less. The K4 Well laminar

sinter consists of opal-A and layers are defined by alternations of massive silica and
colloidal silica/microfossils (Figure 2).
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Figure 2: Top: Artist Point laminar sinter at lOOx. Bottom: K4 Well laminar sinter at lOOx.

No significant difference was determined for the fractal dimension of the Artist
Point laminar sinter and the K4 Well laminar sinter. There was, however, a significant
difference between the compressibility of the Artist Point and K4 Well laminar sinters
(Table 9).
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Table 9: Artist Point and K4 Well laminar facies analysis.
Artist Point Laminar
N = 15
K4 Well Laminar
N =15
Artist Point Vs. K4 Well

D number
Compressibility
X = 1.8099
X = 0.7980
St Dev = 0.0268
St Dev = 0.0270
X = 1.7675
X =0.8287
St. Dev = 0.0295
St. Dev = 0.0496
DT = 1.491 CT = 2.108 T critical = 2.048

Discussion
This examination of fractal dimension and compressibility improved our
understanding of how these parameters may be used to compare stromatolitic
structures. The initial comparison of fractal dimension among sedimentary rocks and
stromatolites in cross section indicated that this parameter may not be distinctive for
stromatolites, as there was no significant difference in fractal dimension. This study
could be elaborated upon with a larger sample set and by separating the different
stromatolite morphologies.
Images of a stromatolite as TIFF images, cropped TIFF images, and JPEG
compressed images were analyzed in order to examine the validity of using small scale
images from the web for this comparison. The lack of significant difference among
the TIFF group and the JPEG group indicates that the file size of the image does not
significantly impact fractal dimension analysis. Comparison of fractal dimension
between images of scanned thin sections at lx magnification and the same thin
sections at 25x, lOOx, and 250x magnifications on an optical microscope indicate that
magnification does significantly impact fractal dimension. Manually counted fractal
dimension was used as a comparison for fractal dimension determined by ImageJ® to
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ensure that ImageJ® was recognizing the correct pattern in its fractal box count
analysis. There was no significant difference between hand counted and ImageJ®
calculated averages. These studies indicated that fractal dimension can be determined
on images of varying sizes, using an automatic analysis tool, with reasonable results
expected.
The grouping of several modem sinters, recent sinters, and ancient
stromatolites by fabric (columnar, laminar, palisades, vent) indicated that there was a
significant difference in fractal dimension between the columnar fabric and the other
three fabrics, but no significant difference in other groupings of images.
Compressibility analysis of K4 Well and Artist Point sinter fabric revealed no
clear patterns in compressibility. The lack of large file size images for a broader study
of stromatolitic fabrics prevented a larger examination of patterns in compressibility.
It is interesting to note that compressibility has been proposed as a measure of
biogenicity, and a significant difference was observed between the Artist Point vent
facies and other facies. The vent facies at Artist Point represents material that was
deposited subsurface at high temperatures, and therefore may be a truly abiotic sinter.
The compressibility of this facies is lower than that of the lower temperature columnar
and laminar facies. The “vent” facies at K4 Well should correspond in temperature to
the columnar facies at Artist Point, a nd has a biogenic contribution.
Within the sinter lithofacies of Artist Point and K4 Well, there were significant
differences between several pairs of facies, with more significant differences observed
for the Artist Point sinters (the more diagenetically altered samples). The laminar
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sinter was compared between the Artist Point sinter and the K4 Well sinter, and no
significant difference was observed in fractal dimension between the modem and the
diagenetically altered sinter. The implications of this study are that fractal dimension
could be a useful tool in analyzing and comparing stromatolite fabrics.

While

organic matter and microfossils are often completely destroyed during diagenesis, the
laminae are preserved, and are the defining characteristic of stromatolites. The
contribution of biology to the development of the initial fabric influences the size,
distribution, and porosity of the laminae. Fractal dimension is a measurement of the
spatial distribution of the laminae that is retained through diagenetic alteration. With a
clear understanding of the role of biology in generating stromatolitic fabrics, and the
preservation of fractal dimension during diagenetic alteration, fractal dimension could
be an important tool for assessing biogenicity.
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VIII. DISCUSSION

While stromatolites were once considered to be excellent examples of the
earliest evidence for ancient life on Earth, the biogenicity of ancient stromatolites has
been called into question (Grotzinger and Rothman, 1996; Lowe, 1994). Modem
sinter stromatolites in hot springs have been proposed as an analog for Precambrian
stromatolites, and especially for ancient sinter stromatolites (Doemel and Brock, 1974;
Konhauser et al., 2001; Reysenbach and Cady, 2001). Though microfossil
preservation appears to be ubiquitous across a large range of temperatures in siliceous
sinter, the lack of direct biological control of the prokaryotic organisms on silica
deposition has led Lowe and Braunstein (2003) to challenge sinter microfossils as a
reliable biosignature.
The potential for sinter biofabrics to serve as a reliable biosignature was
examined in this study. Modem sinter stromatolites that formed in the Uzon Caldera
were found to display a recognizable relationship between the biofilm communities
and some laminar sinter fabrics.
The biosedimentological examination of a thermal feature with ubiquitous
biofilms on the accretionary surface (biologic input) and authigenic mineral deposition
(chemical input) generated recognizable biogenic fabrics. Examination of the K4
Well biofabrics illustrated the importance of the combination of biofilm architecture
and organisms as co-factors responsible for generating a sinter biofabric. A summary
of the key observations in this regard are as follows.
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(1) High-Temperature Facies. The high temperature facies at K4 Well consists
of fine filaments over white, microporous sinter. The fabric in this facies is generated
through the radial attachment of the filaments to topographically high places on the
sinter surface. The massively mineralized areas of sinter are due primarily to the
silicification of the EPS, which is extruded by the organisms in the microbial
community.
(2) The Channel Facies. A biofilm with randomly oriented filaments thickly
embedded in EPS (qualitative assessment based upon optical microscopy) comprises
the channel facies. The sinter fabric is laterally variable within the sinter, and the
variation reflects the primary porosity of the biofilm. Mineralization of the biofilms
generates a palisades biofabric with biofilm porosity preserved as sinter porosity. The
relatively consistent fluid temperature in the center of the outflow channel and the
apparent lack of dependence on insolation allow this biofilm to grow throughout the
year and, thus, the accumulation of silica on the filaments does not take on a layered
appearance.
(3) Laminar Facies. Laminar fabric forms under the thin cyanobacterial
biofilms that dominate the shallow pools just outside the main flow of the outflow
channel. The laterally continuous layers in this facies reflect alternating periods of
colloidal silica deposition onto the cyanobacterial biofilms and monomeric silica
deposition with limited biologic input.
The model developed to describe mathematically the relative contributions of
various factors to silica deposition predicted that colloidal silica formation would
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occur in the summer, when high evaporation rates increase the concentration factor of
dissolved silica in the channel flow. While the other facies experience evaporative
concentration and possibly seasonal variation in monomeric and colloidal silica
deposition, the laminar facies is the only facies dominated by cyanobacteria, and thus
the only facies with an expected seasonal change in the biofilm growth rates. The
deposition of colloidal silica onto the cyanobacterial biofilm generated a very porous
biogenic layer, while the deposition of the abiogenic monomeric silica layer resulted
in a low porosity layer. Microporosity has been proposed as a measure of biogenicity
in carbonate deposits (Bosak et al., 2004). The deposition of colloids in the absence of
a biofilm would generate a low porosity layer due to the close packing of silica
colloids during deposition (Jiang et al., 1999).
The deposition of colloidal silica during the summer was predicted based upon
the silica model, but deposition of colloids in the summer would be further enhanced
by evaporative concentration of other ions, as colloidal silica appears to be less stable
in solutions of high ionic strength (Conrad et al., 2007). The formation and deposition
of colloidal silica could possibly be enhanced in the microenvironment immediately
around the cyanobacteria due to the slight increase in pH expected during
photosynthesis (Conrad et al., 2007; Thompson et al., 1997).
Modeling silica behavior and hot spring evaporative concentration supports the
hypothesis that laminar sinter can form as a result of alternating seasonal deposition of
colloidal and monomeric silica. The seasonal alternation of colloidal and monomeric
silica should lead to laminar sinter formation for any hot spring facies with a
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phototrophic biofilm and at latitudes where there is a significant decrease in insolation
during the winter. The formation of abiogenic and biogenic laminae in sinter can also
occur due to changes in silica supply: biogenic laminae are generated when microbial
growth exceeds silica deposition and abiogenic laminae are generated when silica
deposition exceeds growth (Handley, 2004).
The preservation of the initial fabrics through the formation of large crystals in
high porosity layers and small crystals in low porosity layers may allow for the
preservation of biogenic and abiogenic laminae even when other morphological
biosignatures are lost. Comparison of die modem biogenic sinter to the Artist Point
sinter with fractal dimension analysis indicated that the fractal dimension does not
change significantly with diagenetic alteration. The significant difference in fractal
dimension between the facies at Artist Point and lack of significant difference between
the Artist Point laminar facies and the K4 Well laminar facies indicate that fractal
dimension is correlated with the fabric.
The use of compressibility as a means to quantify a biosignature was supported
by the relationship in compressibility for the Artist Point sinter facies. The subsurface
vent facies at Artist Point, the only abiotic sinter facies examined, had a statistically
significant difference in compressibility from the other facies at Artist Point.
In summary, this study demonstrated that deposition of silica onto a biofilm
framework generates recognizable biogenic sinter fabrics in the primary sinter deposit.
The biogenic layers in a modem sinter stromatolite can be very porous, whereas
abiogenic layers have little porosity. The diagenetic transformation of sinter to quartz
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can preserve the laminae through the growth of large crystals in the porous biogenic
layer and very small crystals in the massive layers. Thus, the presence of alternating
laminae of large and small quartz crystals in sinter stromatolites most likely reflects
the original deposition of alternating biogenic and abiogenic layers.
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APPENDIX A
Hot Spring Microbiology

Archea: One o f three domains o f life, all prokaryotes.
Bacteria: One o f three domains o f life, all prokaryotes.
Biofilm: Multiple microorganisms attached to the same surface in a thin layer.
Coccus: Spherical microorganism morphology.
Domain: A major phylogenetic division, greater genetic diversity than that which separates kingdoms.
Eukaryotes: Cells with a nucleus. Eukaiya is also a major domain o f organisms.
Extracellular polymeric substances (EPS): The material exuded by cells which allows them to attach
to surfaces and maintain position in a biofilm or microbial mat.
Filament: Long, thin microorganism morphology, usually several separate cells joined end-to-end and
encased in a sheath.
Gram +/-: The gram test is indicative o f the cell membrane structure and is useful in organism
identification using optical microscopy.
Microbial Mat: Attachment o f many organisms to a surface, multiple layers o f cells thick in the
vertical direction.
Rod: Microorganism morphology in which the cell is longer than it is wide.
S-Layer: Quasi-crystalline array o f proteins that makes up the outer covering (outside the cell
membrane) o f some microorganisms.
Sbeath: Polysaccharide material that forms a wall like structure around one or multiple cells.
Spirochete: Microorganism morphology which is a twisted filament.
Trichome: Chain o f cyanobacterial cells.
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Thermophiles
The major groups of thermophilic bacteria in terrestrial hot springs include: (1) Aquiftcales,
which can occur as rods or filaments, (2) Thermotogales, which occurs as a sheathed rod, (3)Thermales,
which occurs as rods or filaments, (4) Thermodesulfobacteriales which occurs as rods, (5)

Chloroflexales, which occurs as filaments, (6) Chlorobiales, which occurs as rods or filaments, (7)
Synechococcus, a cyanobacterial rod, and (8) Thermothrix, which occurs as filaments (Reysenbach and
Cady, 2001).
Hyperthermophilic and thermophilic organisms occur as relatively consistent communities that
are distributed along temperature and geochemical gradients that occur in the outflow channels
associated with terrestrial hot springs and geysers. For example, at Thermophile Spring in the Uzon
Caldera, the vent facies from 73-75°C consists o f populations o f methanogens and sulfate reducers. The
white streamers that occupy 66-73°C waters are made up o f Thermothrix and sulfur reducers. The olive
and orange mats in 56-61°C waters consist o f Chloroflexus and Oscillatoria (Gorlenko et al., 1987).
Though one genus can appear to dominate a community, several species may be present. For
example, a study o f hyperthermophilic organisms associated with siliceous geyserites at Yellowstone
National Park revealed that while Thermocrinis ruber (order Aquifex) was ubiquitous, many clones
unrelated to Thermocrinis occurred at each location (Blank et al., 2002). Hyperthermophilic pink
streamer communities in Yellowstone National Park appear to be dominated by Aquiftcales and

Thermotogales representatives, but within each community several species may be represented, making
for a high degree of diversity even in what was expected to be a low diversity biofacies (Jahnke et al.,
2001). A similar finding was made in hot springs where substrates deployed at 85°C in hot springs
showed three clusters o f closely related clones (1) clones highly similar to Aquiftcales (2) clones highly
similar to Thermus and (3) clones highly similar to Thermoanaerobacter (Inagaki et al., 1997). The
same observation of greater diversity than expected based on morphology alone has been demonstrated
for the cyanobacterially dominated mats at Octopus Spring in Yellowstone National Park. The mats,
which form at temperatures between 40°C and 72°C was originally thought to consist only o f

Synechococcus lividus and Chloroflexus auranticus, yet molecular analysis o f the mats revealed several
species o f Synechococcus and Chloroflexus in addition to Green Non-sulfur Bacteria, Green Sulfur
Bacteria, Thermus, Proteobacteria, Spirochetes, gram positive bacteria and others (Ward et al., 1998).
Aquificales: The phylum Aquificaea within the domain bacteria includes Aquifex,

Thermocrinis (terrestrial representatives), and Hydrogenobacter. Most representatives have been
isolated from geothermal or volcanic areas. The original Aquifex was isolated from hydrothermal vents
at the Kolbeinsey Ridge North o f Iceland, and the other Aquifex have been isolated from marine
hydrothermal areas. Hydrogenobacterium species have been isolated from a few marine hydrothermal
areas. Thermocrinis species have been isolated at temperatures from 75-88°C in streamers in hot
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springs in Yellowstone National Park, USA, the Uzon Caldera, Russia, Grandaelur, Iceland and
Hveragethi, Iceland. The Aquiftcales preferentially obtain energy through the Knallgas reaction H2 +
0 2 => 2H20 though members o f Aquifex and Thermocrinis can also utilize sulfur or thiosulfate. Most
Aquificales are obligate autotrophs, and fix C 02 as a carbon source. The members o f Aquificales occur
as gram-negative rods, with diameters o f 0.3 to 0.9 pm by 2-8 pm long, but under flow conditions
members o f Thermocrinis form long filaments (Huber and Eder, 2006).
Chloroflexus: The isolation o f Chloroflexus auranticus in Yellowstone National Park
introduced a new group o f anoxygenic phototrophic organisms, phylogenetically distinct from the
purple bacteria and green sulfur bacteria. These filamentous organisms are motile and contain
chlorosomes, pigment bearing vesicles. Filamentous Anoxygenic Phototrophs occur in a variety of
environments, which include cold and hot springs, rivers, lakes and sediments, and each environment
contains a distinct phylogenetic group within the family Chloroflexaceae. The genus that is found in
terrestrial hot springs is made up o f two species o f the genus Chloroflexus, auranticus and aggregans.

Chloroflexus are non-branching filaments with a diameter o f ~ lpm and an optimal growth temperature
o f 55°C. Chloroflexus has been isolated from 30-72°C temperature fluids with pH ranges o f 5.5 to 10.
The Chloroflexus are gram-negative, but lack the lipopolysaccharides commonly found in other gramnegative bacteria. Chloroflexus commonly occurs as a photoheterotroph in association with
cyanobacterial mats, but in high-sulfide environments where cyanobacteria are excluded, Chloroflexus
grows as a photoautotroph and utilizes sulfur as an energy source (Hanada and Pierson, 2002).
Thermus: The genus Thermus is the most studied representative o f the phylum
Deinococcus/Thermus, order Thermales. Thermus aquaticus was originally isolated from Yellowstone
National Park, USA, which lead to the development o f Taq Polymerase, an enzyme used to amplify and
study genetic material. Members o f the genus Thermus grows as gram-negative rods or filaments, and
has been isolated from 45-83°C and at pHs from 5-10.5. Most strains have an optimal growth
temperature near 70°C. An S-layer has been observed in some strains o f Thermus thermophilus.
Representatives o f Thermus can grow heterotrophically and form yellow mats (Williams and da Costa,
1992).
Thermothrix: Thermothrix is a representative o f the colorless sulfur bacteria, a
phylogenetically diverse group o f organisms that obtain energy from reduced sulfur compounds
(Robertson and Kuenen, 2006).
Thermoanaerobacter: The Genus Thermoanaerobacter belongs to a group o f organisms that
anaerobically degrade polysaccharides, but which m ay not belong to the same larger phylogenetic

group. The Thermoanaerobacter are gram-positive rods that occur in hot springs from 60-70°C (Jain
andZeikus, 1992).
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Synechococcus: Microbial mats above 60°C and up to 70-74°C in some locations tend to be
made up o f Chloroflexus mixed with Synechococcus, a single celled cyanobacterium. Members o f the
genus Synechococcus occur as cocci or rods with diameters from 0.6 to 2.1pm. The members o f this
genus do not have a well developed sheath (Castenholz, 2001).
Phormidium: At temperatures below 60°C, mats contain the group o f cyanobacteria formerly
known as Phormidium, and now separated into the genus Geitlerinem& and the genus Leptolyngbya.
The Geitlerinema are 5-6 pm in diameter, cells are longer than they are wide, and have been isolated
from hot springs up to 55°C. The genus Leptolyngbya consists o f cyanobacteria with trichomes less
than 3 pm in diameter, which may produce a sheath. Leptolyngbya have been isolated from
temperatures as high as 63°C in hot springs (Castenholz, 2001).
Oscillatoria: Oscillatoria are cyanobacteria that occur in mats below 45°C, the trichome is 416pm in diameter, and the cells are shorter than they are broad (Castenholz, 2001).
Calothrix: Calothrix occur below 45°C. The Calothrix are cyanobacteria with a tapered
trichome, and the cells tend to be shorter than they are wide (Castenholz, 2001).
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APPENDIX B
Geochemistry Data
Summary geochemical data, including major elements and select trace metals. Geochemistry data
collected with a Hach spectrophotometer in the field or ICP-MS.

Si (ppm)

Si
(ppm)
Hach

Fe
(ppm)

Sulfate
(ppm)
Hach

Fe
(ppm)
Hach

Alkalinity
(ppm C 03)
Hach

Sulfide
(ppm)
Hach

K4 Well (pH 6.6 vent to 6.95 at 41°C)
2003

119.7

1.276

2004

67.72

0.2474

0.07

0

558

2006

2.32

97.075
230

0

70

12

6.8

320

8

1.375

265

Thermophile (pH 6.0 at vent, 7.0 at 50°C)
2003

109.4

0

2005

9.2

2006

262

19.91
0.19

Zavarzin (pH 6.3)
2003

72.99

0.0016

0

48

nd

560

2004

69.02

0.5683

0

55

nd
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2005

190

0

68

2.4

180

2006

148

0.1

20

0.2

190

1.06

138

0

0

0

0

O chki( pH variable, ranging from 3.15 to 5.6)
2004
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0.0358

2005

84

0.71

K4
Well
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Ca
(PPm)
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Hg
(ppm)

2003

1037
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122.1
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131.1

15.44

34.15

0.153

0.27984

2003

34.83
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19.93

0.0348

2004
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25

0.003744

0.002982

433.2
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19.04

0.8568

0.0191
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Thermophile
2003
Zavarzin
nd

Ochki
2004

APPENDIX C
Zavarzin Mineralogy
XRD spectra o f sediment from zavarzin pool. Copper K-alpha incident beam, lambda =1.542A
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600-;

500-;

400-;

300-;

200 -:

100-i

40

APPENDIX D
K4 Well Organism Morphology
Facies

Sample

Biofacies (probable members)

Microfossils

I

85°C

Filaments d = 0.4 pm

Lumen d = 1.1 pm

II

2004/2005

Aquificales

Outer d = 2.0 pm

72°C

Filaments d = 2.2 pm

Lumen d =- 0.8 pm

tSlIltlifiS

Outer d - 3.6 pm
67°C

Outer d = 2.6 pm

Filaments d = 2.5 pm
Filament. Cyanobacteria d = 4.4 pm

Thermus, Pseudanabaena
58°C 2004

Filament. Cyanobacteria d

2.7 pm

Outer d = 0.4 pm

Budding Filaments d ~ 0.5 pm
Filaments d = 0.3 pm
Oscillatoria, Chloroflexus

47°C

Filament, cyanobacteria d = 2.7 pm
Cyanobacterial rods d = 1.0 pm

Lumen d = 1.2pm
Outer d = 3.3 pm

Filaments d = 0.9 pm

Oscillatoria, Synechococcus, Chloroflexus
III

54°C

Filamentous cyanobacteria d = 4.0 pm
Rods d = 0.5 pm

43°C 2004

Cyano Fossils
d- 3.7 pm

Filaments d = 0.5 pm

Casts

Pseudanabaena. Chloroflexus

Outer d -• 2.9 pm

Filamentous cyanobacteria d = 1.4 pm

Outer d=2.7 pm

Filaments d = 0.4 pm

Lumen d - 1.7 pm

Rods d=0.9 pm

Phormidium, Synechococcus
IV

41°C

Filaments d

0.7 pm

Chloroflexus
36°C 2004

Filaments d = 0.8 pm

Chloroflexus

Outer d = 1.4 pm

APPENDIX E
Evaporation and Silica Models
Matlab Code
Silica Deposition Rates
for T=linspace(5,75,15)
T
%50:75:5
%T range Celsius 5-75 degrees in increments o f 5
TK = T+273;
Si02PPM = 600;
Si02PPM
%linspace(100,600,11)
%Si02 concentrations ranging from 100-600
K = 10A(0.338037-(0.00078896*TK)-(840.075/TK»;
AoverM = 0.001;
%for a square o f sinter 10cm x 10cm with 1 cm o f water over it
kplus = 10A(-0.369-(0.000789*TK)-(3438/TK));
kplusprime = AoverM*kplus;
%because we assume activity coefficint o f silicic acid is 1, activity o f
%silica and activity o f water are 1.
H4SI04molpL = Si02PPM/(1000*96.09);
S = H4SI04molpL/K;
R = (-1 )*(kplusprime*( 1-S));
%multiply by negative one to make this a measure o f precipitation rate
ifR<0;
R = 0;
end
%to remove non-precipitating values
RmolecpDay = R*60*60*24*6.02A23/1A7;
%converts rate to molecules per day over a 1 micron x 10 cm slice
if 1.1 < S < 1.5;
coll = ((155 *S)-206)*(RmolecpDay/1000);
else S > 1.5;
coll = ((12*S)+35)*(RmolecpDay/1000);
end
if coll > 0;
monomerPday = RmolecpDay - (1000*coll);
else monomerPday = RmolecpDay;
end
% a rough estimation for how many monomers are absorbed into each
% colloid
% to determine thickness o f silica layer from deposition rates
% import data from excel file for either monomeric or colloidal which is in
% molecules or #colloids for a 10cm by 1 micron slice
% multiply by 0.5 micron for colloid or 5Ae-4 micron for monomer
% this should give a volume o f silica area o f silica x length x width
% divide by l e ^ microns length, and 1 micron width to give depth o f silica
% multiply by 360 to get a yearly deposition rate
DepthColl = (coll*0.5/( 1* 10A7))*360
DepthMono = (monomerPday*(5*10A-4)/(l*10A7))*360
End

Excel Spreadsheets for calculating evaporation
Calculated based on the Priestley-Taylor Equation:
E (mL/day/10cm2) = (alpha) {S/(S+gamma)} (Q*+Qg)/L*rho * 86400 s/day /100

alpha

1.26

no units

gamma

0.38

no units

S

1.25

no units

Qg50

206.72

W/m2

Qg40

197.19

W/m2

Q*

Qg50

J

79

36.16

F

144

37.12

M

244

37.12

A

353

33.92

M

440

29.44

J

479

25.92

J

457

22.4

A

381

21.76

S

278

24.64

0

174

29.76

N

95

33.28

D

63

36.16

L

2372.3

W/g/s

0.98803

g/mL

Rho

If Q* =
0
(Night)

Evaporation
day/night
temp 50C

SpringT50
(BulkE)

SpringT40
(BulkE)

J

40.04137

96.03182

12.57291

21.70733

F

62.97579

118.6325

12.9067

29.5668

M

97.74599

153.4027

12.9067

41.14528

A

134.5329

191.3022

11.79405

52.65428

M

163.2252

221.5523

10.23635

61.17141

J

175.5617

235.1126

9.012436

64.46433

J

166.6884

227.4632

7.788525

60.69438

A

140.0405

201.0378

7.565996

51.67243

S

105.2285

165.2245

8.567378

40.74698

O

70.84776

129.0635

10.34761

30.48382

N

44.60322

101.5951

11.57152

22.55951

D

34.47813

90.46859

12.57291

19.85477

mL/month/10cm2

monthly fi ling o f sam pie area

Flow at Vent

1L

1.5L

2.0L

2.5L

3L

25%

551.0204

826.5306

1102.041

1377.551

1653.061

50%

1102.041

1653.061

2204.082

2755.102

3306.122

Monthly
Evaporation

Monthly
Precip

J

651.2199

80.6

F

887.004

70.2

M

1234.358

62.1

A

1579.629

50.8

M

1835.142

66.8

J

1933.93

64.6

J

1820.831

81.6

A

1550.173

97.5

S

1222.409

101.5

O

914.5145

139.2

N

676.7852

95.1

D

595.6432

86.2

Concentration Factors

J

1L:
25%

1L:
50%

1.5L:
25%

1.5L:
50%

2.0L/
25%

2.0L:
50%

2.5L:
25%

2.5L:
50%

3L:
25%

3L:
50%

dry

2.05

3.15

1.52

2.05

1.35

1.70

1.26

1.52

1.21

1.97

1.33

F

dry

3.77

42.41

1.97

3.77

1.58

2.43

1.42

M

dry

dry

dry

3.39

dry

2.13

6.44

1.74

3.39

1.55

A

dry

dry

dry

12.39

dry

3.23

dry

2.24

12.39

1.86

M

dry

dry

dry

dry

dry

4.97

dry

2.77

dry

2.14

J

dry

dry

dry

dry

dry

6.42

dry

3.09

dry

2.29

J

dry

dry

dry

dry

dry

4.66

dry

2.70

dry

2.10

A

dry

dry

dry

7.90

dry

2.91

dry

2.11

7.90

1.78

S

dry

dry

dry

3.07

dry

2.03

5.20

1.68

3.07

1.51

0

dry

3.30

13.67

1.87 . 3.30

1.54

2.27

1.39

1.87

1.31

N

9.39

2.10

3.28

1.54

2.10

1.36

1.72

1.27

1.54

1.21

D

4.60

1.85

2.56

1.44

1.85

1.30

1.58

1.23

1.44

1.18

Silica (ppm) due to monthly CF for different flow regimes.
150 ppm
Vent
2 .0 L :
2.5L:
50%
50%

200 ppm
vent
2.0 L :
2.5L:
50%
50%

100 ppm
Vent
2.0L
2.5L:
: 50% 50%

3L:
50%

J

134.7

126.0

120.8

202.1

189.0

181.2

269.4

252.0

241.6

F

158.5

141.9

132.7

237.7

212.9

199.0

316.9

283.8

265.4

M

212.5

173.6

154.7

318.8

260.4

232.0

425.0

347.2

309.4

A

323.1

223.7

185.5

484.7

335.5

278.3

646.2

447.3

371.1

M

496.7

277.4

214.3

745.1

416.1

321.4

993.4

554.8

428.5

J

642.2

308.7

229.2

963.3

463.0

343.8

1284.4

617.4

458.4

J

466.3

269.5

210.3

699.4

404.3

315.4

932.5

539.1

420.6

A

290.8

210.7

178.0

436.2

316.0

266.9

581.6

421.4

355.9

S

202.5

168.2

151.1

303.8

252.3

226.6

405.1

336.3

302.1

0

153.9

139.0

130.5

230.8

208.4

195.8

307.8

277.9

261.0

N

135.6

126.6

121.3

203.5

190.0

181.9

271.3

253.3

242.5

D

129.9

122.6

118.2

194.8

183.9

177.2

259.8

245.2

236.3

3L:
50%

3L:
50%

Silica deposition depth and silica type (monomeric or colloidal) for several vent ppm.
100 ppm vent 2L:50%
J

none

F

none

M

none

A

0.067938

Monomeric

M

25.38

colloidal

J

71.03833

colloidal

J

12.69

colloidal

A

0.016833

monomeric

S

none

0

none

N

none

D

none

150 ppm 2L

150 p am 2.5L

150 pi3m 3 L

J

none

none

none

F

none

none

none

mono

none

none

M

0.07

A

18.04

colloidal

0.07

monomeric

0.01

monomeric

M

71.00

colloidal

6.07

colloidal

0.07

monomeric

J

71.00

colloidal

5.35

colloidal

0.12

monomeric

J

71.00

colloidal

1.44

colloidal

0.07

monomeric

A

6.07

colloidal

0.14

monomeric

S

0.02

monomeric

none

none

O

none

none

none

N

none

none

none

D

none

none

none

none

200 ppm 2L
J

0.01

monomeric

F

0.14

monomeric

M

6.07

A

200 ppm 2.5 L

200 ppm 3 L

none

none

0.01

monomeric

0.01

monomeric

colloidal

0.12

monomeric

0.02

monomeric

71.00

colloidal

10.69

colloidal

0.12

monomeric

M

71.00

colloidal

45.49

colloidal

6.07

colloidal

J

71.00

colloidal

71.00

colloidal

10.69

colloidal

J

71.00

colloidal

35.44

colloidal

6.07

colloidal

A

58.27

colloidal

6.07

colloidal

0.12

monomeric

S

1.44

colloidal

0.07

monomeric

0.02

monomeric

0

0.10

monomeric

0.01

monomeric

none

N

0.01

monomeric

D

none

none

none

none

none

APPENDIX F
Artist Point Mineralogy
XRD spectra o f Artist Point sinter. Cobalt Ka incident beam, A, = 1.7902
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APPENDIX G
Stromatolite Images
Images used for comparison between “stromatolites” and “sedimentary rocks”
Images obtained through Google Image Search. “Stromatolites”.

Images obtained through Google Image Search. “Sedimentary Rocks”.

Strom atolites and Sinter F abric Im ages

Recent laminar sinter from Yellowstone National Park, scanned thin section image.

K4 Well laminar facies scanned thin section image.

K4 Well laminar facies thin section at lOOx magnification.

Recent laminar sinter from extinct vents at Mickey Hot Spring, scanned thin section image.

Diageneticaily altered sinter, Yellowstone National Park, scanned thin section image.

Diagenetically altered sinter, YNP, lOOx thin section image.

Archean stromatolite, Bitter Springs Formation, scanned thin section image.

Modem palisades fabric from K4 Well, scanned thin section image.

Recent palisades sinter, extinct vent at Mickey Hot Springs, scanned thin section image.

Recent columnar sinter, YNP, scanned thin section image.

Diagenetically altered columnar sinter, YNP, scanned thin section image.

2.5

Ga columnar stromatolite, Gunflint Formation, scanned thin section image.

2.5

Ga columnar stromatolite, Gunflint Formation, scanned thin section image.

5mm

Ancient columnar stromatolite, scanned thin section image.

